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STNOPSIS 

Electron paranagnetic resonance lias been employed to 
in-vestigate several solid state problems associated with 
irradiation effects, radiation damage, point defects, condu- 
ction band and trapped electrons in metals etc. It has proved 
to be a powerful tool to measure the g values and their ani- 
sotropy and thus to extract direct information about the mag- 
netic field dependent gi-ound state energy levels of the tran- 
sition metal and rare earth ions doped in crystalline solids. 

It also helps to determine the structural phase transitions. 

The S-state ions with S > -^ such as Ee^"^, Bu^"^, Gd^"^ etc, 

have been found very much suitable for the study of the phase 
transitions because they possess orbitally non-degenerate 
ground states which remain unaffected by Jahn-Tellor effect and 
thus they do not disturb the local symmetry. Further the fine 
structure splittings of the states with S > ^ could be used 
in symmetry determination. 

In the work described in the thesis, divalent 
manganese (Mh ) which has S = 5/2, is chosen for the BPR 
study of the structural phase transitions occurring in a 
series of isomorphic compounds involving both diama,gnetic 
and paramagnetic systems M(G10^)2.6H20 (where M = Mg, Zn, Cd 
and Pe, 00, li). 
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A general introduction to the phenonenon of EPR is given 
in the first chapter. Various paramagnetic systems that can 
he studied hy EPR and the information which can bo obtained, 
are also included. The general theory of EPR and structural 
phase transitions, zero-field splitting mechanisms for Mn 
and the role of EPR in determining tho transition tempera- 
tures, order parameters etc. are described in Chapter II. 

Chapter III deals with the experimental details along 

with the EPR study of Mn^'*' doped Mg(C10^)2.6H20 at different 

temperatures. Changes in the line shape and splittings duo 

to angular and temperature variation arc easily seen in 

this system. Mg(C10_^)2.6H20 has a pseudohoxagonal structure 

7 24- 

with a binolecular orthorhombic unit cell (C^^). Mn sub- 

2 + 

stitutes for Mg at tho sites of trigonal syranctry and 
exhibits tho characteristic 30-linc hyporfino spectrum for 
the static magnetic field parallel to tho c.-axis (trigonal 
symmetry axis). Vhon tho magnetic .field doos not coincide 
with c-axis, each hyporfino lino splits into three components 
indicating that there are throe inoquivalont sites for(Mn^'^) 
and hyporfino forbidden ( aM = + 1 , a = ± l) transitions 
are also observed, Linewidth has been found to bo Mh 
concentration dependent and shows usual behaviour. Three 
structural phase transitions are found to occur at 272 K, 

203 K and 103 E. The first two are second order transitions. 
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The angle of rotation of the principal z-axis (order 
parameter) and the D parameter have been determined experi- 
mentally for the phases bolo-w those two transition temperatures 
and aro found to conform with the theories a,vailable for the 
second order phase transition. A first order phase transi- 
tion occurs at 103 E and the spectrum becomes vjry much 
complex bolow this temperature. 

The crystal structure of Zn(C10_^)2 ‘61120 is essentially 

the same as that of Mg(ClO^) 2 ‘61-120 and the BPR study of this 

2 + 

crystals doped -with Mn is presented in Chapter 17. A 
30-lino hyperfine spectrum for H parallel to c.-axis, hyper- 
fine forbidden transitions for H oriented away from c_“^xis 
and concentration dependent linewidths are observed in this 
system also, line shape distortions with tanperature varia- 
tion wore used for proposing a probable structural phase 
transition at 284 K, 

BPR of Mn^'^iGd(C10^)2‘6H20 is presented in Chapter 7, 

A 30-line hyperfine spectrum at room temperature for H along 
c-axis was recorded as expected. Three phase transitions 
occur a,t 272 K, 259 K and 115.3 R, Thooo occurring at 
272 K and 259 K are of the second order whereas the one at 
115.5 R is of the first order. The variation of 1 parameter* 
found experimentally conforms to the theoretical expressions 
available. 
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2 + 

Tlie room temperature EPR study of Mn doped 
I’e(C 10 ^) 2 . 6 H 20 , Go (010^) 2 . 6 H 2 O and Ni(C 10 ^) 2 . 6 H 20 crystals 
alongwith its temperature dependence is described in Chapter VI 
The spectra in these systems are not well resolved and do not 
show thirty linos clearly as the lines are broad. Prom 
temperature variation study, one probable structural phase 
transition is indicated in Co (010^)2.61120 at 245 E, and in 
lIi(C 10 ^) 2 . 6 H 20 at 247 E in addition to tho ones already 
reported (at 154.5 E and 225 E rospoctivoly ) by Mo'ssbauor 
studies and susceptibility moasurements. Tho principal axes 
are found to chan^;e their orientations after the phase 
transition at 237 E in Pe (010^)2.61120 and at 154.5 E in 
Go(C 10 ^) 2 . 6 H 20 but not in Ei ( 010 ^) 2 . 6 H 2 O. 

Tho present study shows int orostin/^^ results in dia- 
niaj'paetic systems t txfo nex'f phase transitions have boon found 
in M: 2 ( 010 ^) 2 . 61120 , tho phase transitions in Zn( 010 ^) 2 . 6 H 20 
and Cd(C 10 ^) 2 . 6 H 20 have boon recorded for tho first time. 
However, paranajnotic systems did not yield quantitative 
results accurately bocauso of the larger linowidths. Spoci- 
fic heat measurement may confirm new phase tr;insition tem- 
peratures and low t onpern,turo x-ray study nay help in undor- 
standing the mechanisms of the phase transitions in these 
systems. 
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lUTRODUCTIOir 

Abstract 

A brief description of the phenomenon of electron 
paramagnetic resonance is given in this chapter. Various 
systems which can be studied and the types of information 
which can be obtained^are indicated. 
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Paramagnetism occurs whenever a system of charges possesses 
a resultant angular moment-um. The momentum arising due to 
electronic motion gives rise to electronic paramagnetism. 

Such paramagnetism is found in a large number of systems; 
free atoms and ions with an odd number of electrons e.g. atomic 
sodium, chlorine and silicon; free molecules with an odd 
number of electrons such as NO, NO2 and also with even niamber 
of electrons but ground state with partially filled molecular 

m 

shells e.g. O2; free molecular radicals like CH^; larger 
molecules and ions such as triphenyl methyl, G(CgH^)^ and 

D.P.P.H.; point defects in solids formed by the impurities of 

2 + 

transition and rare-earth group ions, e.g. In in MgO| donor 
and acceptor impurities in semiconductors, e.g. phosphorous in 
silicon; electron and hole traps in photo conductors like Pe 
in CdS; activators and coactivators in phosphors such as self- 
activated ZnS; colour centres in insulators e.g. F centres in 
KDl; radiation damage centres e.g. Si vacancy in Si crystal; 
conduction electrons in metals having unfilled energy bands 
and excited triplet states of molecules such as in ultraviolet 
light irradiated naphthalene. 

In all these systems, Zeeman levels can be produced by an 
external magnetic field and transitions between these levels 
can be studied. Such a study is made by electron paramagnetic 
resonance, a brief introduction of which is given below. 
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An intrinsic spin angular momentum (p_) and a permanent 

magnetic moment CpJ are associated -with, a free electron and 

s 

are given by the expressions 

Spin angular momentum p_ = hS 

O 

Magnetic moment = - (2^) S = -g P S 

where e is the electronic charge, m is the mass of the elect- 
ron, c is the velocity of light, S = P is the Bohr Magneton, 
g is the lande's splitting factor and its value for an ele- 
ctron is 2.0023, and h = h/ 2 -)t, h being the Planck's constant. 

In a static magnetic field this tiny magnet aligns it- 
self either parallel or antiparallel to the field. The para- 
llel position with magnetic spin q'uantim number m_ = has 
lower energy and the antiparallel position with m_ = -Hi" Jis-s 

0 

higher energy. The energy of interaction of the electron 
with the static magnetic field H is given by 

= - p. H 

® = - (-g p ■3). H 
= g P S. H 
= g P H m^ 

= + i g P H ( 1 . 1 ) 

Equation 1.1 shows that the separation between levels 
depends on the strength of the magnetic field H, other 
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factors being constant. The level variation with H is shown in 
Fig. 1,1, It is possible to induce electronic transition 
between these levels by the interaction of electromagnetic 
radiation of appropriate frequency v such that resonance 
condition 

Ei-Ei=hv =gPH (1.2) 

is satisfied. For maximum absorption, the oscillating magne- 
tic field component of the radiation is kept perpendicular to 
H, Since the energy difference between the levels for a mag- 
netic field of the order of few kilogauss is very small, the 
quantum of energy hy is obtained from microwave source, 

A continuous resonance absorption of microwave radiation 
is possible only if the lower of the two levels is always 
more populated than the higher one. If there are E electrons 
distributed among these two love.ls, then the n'umber of electrons 
in the upper level, E., is lower than the number of electrons 

“r 

in the lower level, E__, and the condition for resonance absor- 
ption is sa,tisfied. According to Boltzmann distribution law 

^ = exp (-g pS/kT) = exp (-hq/ /kT) (1.3) 

where k is Boltzmann's constant and T is- the absolute tempe- 
rature. The net absorption woiild be larger if the energy 
separation is higher and the temperature is smaller. 




Magnetic -field 


Fig. 1.1 Energy level splitting for single electron (s-l/2) 
in a static magnetic field. 
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The electrons transferred to the upper level by absorbing 
radiation must be brought back to the lower level. This is 
accomplished by relaxation processes and the absorption con- 
tinues. This resonance absorption of microwave radiation 
(usually between the ground state energy levels of an electro- 
nic system under the action of an applied static magnetic 
field) is called Electron Paramagnetic Resonance. 

Next, let us consider a free ion of resultant angular 
momentum J placed in the static magnetic field H. The magnetic 
moment associated with it is [j. = - g |3 J, The ion would have 
the energy levels in the magnetic field as given by 

Sjyt = (- g P J). H = g p H Mj (1.4) 

J 

where Mj = J, J-1 -(J-l), - J 

Thus there arc 2J+1 equally spaced levels which are 
generally called as Zeeman levels. Here Lande's splitting 
factor g is given by 

. _ 1 + J(J+i) + s(s+W - KL+i) n 

g - J- H 2J (J+IJ 

where L and S are orbital angular momentum and spin angular 
momentum respectively and L-S coupling holds. 

For J = 5/2, the energy levels are as shown in Fig. 1,2. 
The alternating microwave field of frequency y perpendicular 




Fig. 1.2 Splitting of energy levels and the allowed trans- 
sitions of a free ion with J=:5/2 in a 
static magnetic field. 
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to H induces magnetic dipole transitions aM = +1, Five 
possible transitions occur superimposed on each other at a 
single frequency. 

When a paramagnetic ion is placed in a crystalline solid, 
it experiences the effect of its environment. Firstly, it 
interacts with the ions of the same ]cind present in the solid. 
Secondly, the solid lattice interacts with the paramagnetic 
ion through its ligands which are charged ions or neutral 
molecules. The solid lattice, usually diamagnetic, and the 
paramagnetic ion may interact to give some useful information 
about the ion as well as the lattice hut the interaction bet- 
ween paramagnetic dipoles may not serve any purpose. By keep- 
ing the concentration of paramagnetic ions in the diamagnetic 
lattice small (about 1 ppm), the interaction between magnetic 
dipoles is greatly redue'ed. 

The liga,nds interact with the ion either through the 
electrostatic field produced by charges or by covalent bonding. 
The ener/.y levels of the paramagnetic ion are affected in the 
same manner by either process^^^ . They split tho ground 
state as well as excited states into a number of components. 
This splitting is called crystal field or ligand field split- 
ting and is similar to Stark effect, ^mmetry of the ligand 
field and its strength determines the number of split 
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components and the amount of splitting. A splitting as 
shown in Fig. 1.3 may occur for the ion with J = 5/2 doped 
in a solid when placed in a magnetic field. Five possible 
transitions may be observed separately at five different 
frequencies if the frequency is varied and at five different 
field strengths if H is varied. In practice, H is varied and 
V is held constant. The 'g' factor is now defined by equa- 
tion 1,2. 

In the earlier experiments on mo,gnetic resonance in 

(2) 

solids, Zavoisky observed strong electron paramagnetic 
resonance absorption in the Mn SO^ at 298 K and 2.75 G-Hz. 
Since then the electron paramagnetic resonance has become a 
useful tool in solid state physics. It , gives the. most direct 
and accurate description of the ground state under the cry- 
stalline environment. Si 7 nmietry of the crystal field and the 
strength of the interactions are also reflected in EPR spe- 
ctrum. It enables one to determine tne crystal field para- 
meters and the symmetry of the site ;it which doped paramag- 
netic ion is sitting in the crystal. The changes in the cry- 
stal structure with temperature prochice corresponding changes 
in the EPR spectrum and therefore phase transitions occur- 
ing in the crystals can be detected. Thus the information 
about the doped paramagnetic ion as well as the crystal 
structure may be obtained. 



Jr: 5/2 


M =±5/2 

V 


I 1 H, H 3 

a) Free ion | b) Effect of 1 c) Effect of magnetic field 
I crystal field j 


Fig. 1.3 Energy level splitting in a crystal field and a 

magnetic field for an ion (Ja5/2) doped in a crysta 

Allowed transitions are indicated. 
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In addition, the paramagnetic resonojice has been used 

to determine the free radical concentration, molecular 

structure and character of bonds. It helps in detecting the 

of radicals 

association or dissociaticn^and measirring equilibrium 
constants. The species of free-radicalc can be detected and 
identified . Changes occuring in radical concentration with 
time, chemical treatment or irradiation can bo studied by- 
electron paramagnetic resonance. Measurement of relaxation 
time , magnetic susceptibility and electronegativity can be 
done. Zero-field splittings, free-radico.l mobilities and 
interraolecular electron changes are -well investigated by EPR. 
Some typ*ical applications are mentioned bolo-w. 

Among analytical problems, the crystal field parameter in 
inorganic materials wore investigated by Carrington et al^^^. 

A study of the effects in thermoelectricity was made by 
Bennett et al^^\ Analysis of somiquinones fOnd polynuclear 
hydrocarbons was carried out by Venkauaraman and others^^\ 

Libby and workers \ised EPR to study the degree of the 
organic free radical production by gamrao. - radiation. Phos- 
phorescent naphthalene having molecules in their first 
excited state? t-tus studied by Hutchinson and Mangum^'^^ 

Enzyme interactions^®^ , free radicals in living 
tissues^^\ anomalous magnetic properties of nucleic acids^^^^ 
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( 11 ) 

and effects of x-irradiation on biological materials ^ are 
some of the biological and medical problems studied by BPR. 

(12) 

Irradiation effects in solids^ , conduction band and 

trapped electrons in metals^^^\ radiation danage^^^^ and 

(15 ) 

cyclotron resonance etc. are various physical and solid 
state problems investigated by EPR. 
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CliiLPTBR II 


THEORY OP ELSCTROF PiUlAl'HiOHETIO nBSOHAHCE 

MID 

STRUCTbHiJL PHASE TRAHSITIOIT 

Abstract 

This chapter presents a brief theory of electron 

paramagnetic resonance and structural phase transition. 

The Hamiltonian of a free ion and the effect of tho crystal 

field have been discussed. The spin Haniltonian, its 

parameters, selection rules, relaxation processes and zero- 

2 + 

field splitting mechanisms for tho I-fei have been described. 
The theory of structural phase transition has been given in 
brief. The advantages of the stud5r of the phase transition 
by electron paramagnetic resonance aro indicated. 
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HAMIITONI/iN OF A FREF ION 


Tlie Haiailtonian of a free ion nay loo considered as 
the sum of energy contributions fron various interactions 
present within the ion. Some of these interactions may be 
considerably strong while the others could be negligible. 
Different terns of the Honiltoni.an and their relative 
magnitudes are considered below. 


Coulomb Interaction ; This is the most dominant term of 
the Hamiltonian, The interaction of electrons with effective 
nuclear charge Ze and the mutual repulsion of electrons 
constitute this term. Without relativistic corrections, 
it is written as 



N 

Z 

k=l 



Z, o 

Z Ji-. 

k 37 


k 


■ 4 “ 


z 

k > j=l 



( 2 , 1 ) 


whore p^^ = ih ‘v jr linear nomentiui operator, r^^ is the 

radius vector fron nucleus to the k-th electron and m is 
the mass of the eluctron. The sin:i extends over all the N 
electrons in the ion through the running indices k and j, 

Snin-Orbit Interaction ; This is the magnetic interaction 
between electron spins Sj^ andi orbital angular momenir. Ij^ and 
is expressed as 
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H- 


■IS" 


jk 3- 3 


’k 


+ b 






+ c 




Si ) 

k^ 


where a b .. 
the spin-orbit 


and arc constants. For R-S coupling 
interaction takes the form 


3i = XI,S. (2.2) 

Ju o 

where x is called spin-orbit coupling consto,nt. It nay bo 
positive or negative. Here L a,nd S arc total orbital and 
spin angular noucntuia operators. 


Spin-Spin Interaction s This tejaas is very snail though very 

? + *5 -f 

important in some transition net a,! ions such as Mn"* ^ Fo”^ 
and Cr^’*', This necha.nisin was first suggested by Pryce^^^ and 
represents weak nagnetic interaction between electrons in 
the ion and is given by 



Z 

jk 


ink 

3 

jk 


5 


( 2 . 3 ) 


where p is the Bohr magneton. 


Hyperfine Interaction ; If the nucleus has spin I and 

( 2 ) 

magnetic iionent it nay interact with its environment^ ' 

because of the local magnetic field produced bjr orbital 
motion of each electron and its spin. The contributions of 
these two teras to the Hamiltonian are given bolow. For each 
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electron from orlital motion,!!^ = 2 {3(3^ r^^” 

■5 


from 


= -So PSn Pn rj^ 


I.Si^- 3 


( I , r^^ ) ( s-j^ • r )"] 




£. 


where is the nuclear splitting fo.ctor and is the nuclear 

magneton. There is, howe'^er, a third contribution from s 

{ 35') 

electrons duo to Perrai contp,ct xnt enaction^ . At the nucleus, 
all s electrons have a non-vanishing charge density which is 
nearly uniform throughout the small volume of the nucleus. The 
nucleus is thus in a uniformly na,gnetized mediupi and has a 
magnetisation 


M 


- 


i|;(0)| 


s 


k 


where I Tj;(0)l represents the charge density. The energy of 
nuclear nagnotic dipole zioment in this field is 


1-L 


■PC 


Sit 

3 “ 
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Bit 


r Q 

k* 


3 SeP SnPn I* (0^ 

Adding all the contributions and summing over all the 
electrons, wo got 


lljvj— 2g^p^p 2 


^n'^n' 


k 




k^"’"k*"k" . 8a 


■k 


( 2 . 4 ) 


Unclear Quadrunolo Interaction s This has boen discussed in 
detail by Bleaney^'^^. It describes the energy of interaction 
of electrons with quadrupole moment Q of the nucleus in the form 
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1 ( 1 + 1 ) 
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(2.5) 


Intoraction with, external na/^'netic fiold s If the free ion is 
placed in the external static riaf:.nGtic field H, then the enerc?:y 
of interaction of electrons with this field is 

Ih. = £ p (1, + 2^^).i. (2.6) 

k 

Siriilarly, the direct intoraction of the nucleus with the 
external nagnetic field is 

= -Y^n ^2.7) 

where y is nuclear gyromagnetic ratio . Collecting all the 
terms together, the Hamiltonian of a free ion in a steady 
magnetic field is written as 

S = (2.8) 

The magnitudes of these terns are of the following order 
5 ~1 

H = 10 cn , Optical region 

o 

2 -1 

^LS~ > for ion .group 

3 -1 

10"^ cn , for rare earths and uranium ^pr’oup 

IEgg= 1 cm~^ 

11 ^ = 10“^ - 10“^ cm“^ 

-3 “1 

I-Lq = 10 cn , Quadrupole energy 
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3-Ijj = 1 


cm 


-1 


9 


Z 



eonan energy 
, Nuclear spin energy 


Effect of Crystal Fielrl ; if/hen cU po-rariagnetic ion is placed 
in a crystal lattice, an additional tern is introduced into 
the Hamiltonian. The effect of crystalline surroundings 
on the ion may he considered in the form of a crystal field 
potential. The ion is subjected to electrostatic field 
created by the ligands, which are considered as point charges 
or dipoles and the type of the potential Y follovrs the synnotry 
at the site of the ion. This potential satisfies Laplace 
equation '7 V=0 and therefore can bo expressed in tei'r.is of 
spherical harmonics. Thus 


(5-7) 
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-n 


2 £ S. 0“ r^^ (©, , 0 ) 

n n=n k ^ nek 
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Z 7 


n n 


•m 

n 


(2.9) 


whore Y' 


•m 


(- 1 ) 


m -vr-m 


and for a real V, O' 


■n 


(-1)“ C 


n n-n 
n ' 


-- -- - , 

The sum over k extends over all tlio electrons of cation. 

It is ass'UQod that the surromidina' ions do not overlap the 
electron cloud of the paramagnetic ion. 


Since 7 should reflect the synnotry at the magnetic 
ion site, its form should be such that it should be invariant 
under the symmetry of the point group to which the magnetic 
ion site belongs. Further restrictions on tho expansion of 
Y refer to tho nature of the magnetic ion. Tho electronic 
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wfivof "uxLCtioiis also can bo expand oci in spliorical iiannonics 
and the natrix elenents of f in the basis of free ion 
vravefnnetion vanish for n>21, whore 1 is the orbital 
angular nomentun of tho electron. For iron group (3d), terras 
upto n = 4*'arc retained and for rare-earths (4f), terns 
upto n = 6^ arc needed. ThnSj^for d electrons in octahedral 
synraetry, the crystal field potential has tho forn 

the axis of quantization has been t.aken along tho four- 
fold axis and the multiplication factor has been loft out. 

In terns of tho cartesian co— ordinate vS, this is expressed 
in tho form 

V = + y4 + z' - 

The contribution to tho narailtoni''.n due to tho crystal 
field potential is 

IL = - eV (2.10) 

cr 

To find tho non-zero natrix el ora cuts associated with states 
having tho sano J, the method of equivalent operators of 
Stovens^®“^'^\ Blliott^^*^^ and Judd^^^^ is usually employed. 

The set of functions ( m = o, +1, +2, + n) forms 

the basis of an irreduciblo representation of rotation group 
of dimensionality (2n +1). Sach of the functions of the 
electron coordinates piay be associated with an equivalent 
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oporator i.e. an analogous function of operators of projection 
of angular mononta Jy, wiiicli have the sane trn,nsfoma- 
tion properties with proper reference to the comriutation 


relations. By the operator equivalent nethod^the calculation 

of matrix elenents bocones quite sinple a.nd the matrix elenents 

u ' 

of several s are tabulated by Low, and Abragan and Bleanoy. 
[See for example. Solid State Physics^ nip pi ement 2,1960 
(Parano-gnetic Resonance) by W, Low and Blo'ctron Pa,rama,'-pictic 
Resonance of Transition Ions^l970_,by A. Abragan and B. Bloaney]. 
The operator equivalent form of TIL is expressed as follows 

OX 


IL^ = Z B^ 0^^ 
cr ^ n n 

where coefficients B^^ depend on crystalline field aniT 0^ 

transform like 7^2 s with x, y, z being replaced by L„, L„, 

n “ X y 


Now the total Ilaniltoniau for a paranagnetic ion in a 


given crystal field can bo written with proper choice 
of s. The terms of the Hamiltonian may bo arranged in 
decreasing order of - magnitude. The relative magnitudes 
of and XL.S make a considerable difference in the nature 
of magnetism in solids and following are the examples which ' 
have been frequently observed 
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^ ^ Gonploxcs such as transition 

k>j-l kj netal cyanides. 

The situations where is stron^'i^r th.an electron-electron 

repulsion aro referred to as ’low spin' conploxos and the 

situations where IL is smaller than Z are referrt}! 

10j=l ^ko 

to as 'high spin' , All systems of present interest belong to 
the latter cat ego ly. 

In the case of high spin 3d transition metal ions as 

mentioned above, the crystal field interaction will have 

to be considered before spin-orbit interaction. This 

would mean that one has to consider the effect of crystal 

field of a particular symmetry on the Russ cl- Saunders 

1 9 

states of a free ion from 3(3 to 3d.' . Bethe has worked 
it out on group theoretical basis and the crystal field 
splittings under are shown in Table 2.1. 

As can bo soon fro'i Table 2.1, the crystal field of 
octahedral sjamietry partly lifts the orbital degeneracy 
of the electronic states and this is what is normally 
called the 'quenching' of orbital notion in solids. I'/henever 
there is descent in symetry to axial or lower, the orbital 
degeneracy will be further lifted. Whenever the symmetry is 
orthorhombic or lower, the orbital degeneracy will be completely 
lifted as all the irreducible representations of these point 
groups are non-degenerate. There are two important theorems 
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TABL 

B 2.1; Crystal field Splittings 

States 

of the 

Ground 

[■umbor of 
electrons 

Tx'ansition metal 
ions 

Ground t enn 
of free ion 

Total 
spin S 

Splitting 

under 

3d^ 


2d 

1/2 

2^ ■(■2 rp 

S 2g 


Cr'^^Ti^'*' 

3p 

1 

3m +3m +3 a 

■"ig -^ag ^2g 

3d^ 

Mn^^,Cr^‘*',T^ + 

'h? 

5/2 

4 a +4,m +4p 

■^^2g ^Ig 2g 

3d^ 

Mn^^Cr^'*’ 

5d 

2 

5p "^5rn 
g ""2g 

3d^ 

Fe^'^,Mn^%Cr^ 

S 

5/2 

\ 

Is 

3d 

0o^+,Fe^'^,Mn'^ 

5d 

2 

5-p +5rp 
®s ■‘2s 

3d^ 

Co^'^,Fe’^ 

4p 

3/2 

4 A "l^rp "^Irn 

^2g -ig -^ag 

00 

tA 

Cu^^,Ni^'^,Go'^ 


1 

3 A ~l~3 m "^"3 m 

^ag -^ig ^ag 

3d^ 

Cu^'^jNi'^ 


1/2 

9 4-? 

S 2g 
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which are of consequence in the renoval of dofi'encracy of 

( 12 ) 

electronic levels. They are clue to hraincrs^ and Jahn 
( 13 ) 

and Teller and are mentioned below, 

Kramers* Th oo r en ; This theorem is concomod with the 
effect of cr3/-stal field on tho de^^enoracy of th-j i'-round 
state of ca doped p ar ana. pn otic ion. It states that in a 
crysta,llino field of <?ny .symmetry, a system haviny an odd 
number of electrons (o.g, Cr^"*", Mn^'*', will always 

possess at least a two fold dejenerate state. Thus a pure 
electrostatic field acting’ on tho system cannot remove 
all the do.'i,Gneracy of the state. This theorem is a consequence 
of tho fact that the Hamiltonians arc invariant under time 
'reversal^^'^^ when no magnetic field is present. 

It is obvious that for odd olrjctron systems, there 
are at least two states with the sane energy in tho crystal 
field and those arc split by the application of a magnetic 
field, thoroforo BPR could usuall3^ bo observed in such 
sy st ens. 

Jahn~Tellor Theorem s It sta,tos that a. symmetrical non- 
linear moloculo or molecular complex having a degenerate 
electronic energy level does not have stable geometrical 
configuration of tho nuclei and will distort to a nuclear 
configuration of lower symmetry in such a way that the 
degencra.cy of tho electronic state is lifted and only two 
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fold iCramers’ dogoneracy, if any, is left. Because of 
weak intoraction between spins and nuclear coordinates, 
only orbitally degenerate states nay bo affected. 

fills theoron holds true for ions in crystal field also 
whore it is ascui-icd that the paramagnetic ion is under the 
influence of a static crystal field and its syiruiietry renains 
unchanged if no charge conpensation occurs. Tho ground or 
the excited state of tho ion may bv.- orbitally degonorato in 
the crystal field of high symmetry but this degeneracy will 
not persist as the small displacomonts of neighbouring atoms 
lower the symmetry of tho cryst.al field seen by tho ion 
end orbital degeneracy is lifted. Such splittings occur in 
Cu^"'' in trieional f ield and in Pe^'*' in octahedral 
fiold^^®”^^^. 

Group theory predicts only tho pattern of splittings 
but it does not toll anything aboeit the order of levels or 
their relative separations. Quantui'i mechanical calculations 
with a reasonably good kno flodgc of wavefunctions are needed 
to obtain that information. In tho present context, the 
interest mainly centres around those ions whose crystal 
field statG“that is the lowest electronic state after consi- 
dering the crystal field interaction is an orbital singlet. 
In practice, it has been observed that Cr^"^, Mn^"^ 
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and Cu^"^ aro the hast candidates to satisfy this roquirenont. 
Pryce, and AiDragan and Pryco have developed a perturb.ation 
approach to anfilyso the cxperiHental d>acri on 3PP of orhital 
singlets and this has been vary widely usc-d to ptaranot orize 
the SPP data,. In this approa.ch, essentially the higher order 
perturbations in spin-orbit and spin-spin interactions are 
considered. In what follows^ the spin Ilaailtonian fornalisQ 
of Pryce^"' , and Abragaii and Pryco' ' has been described, 

SPIN HAMIITOFIAN P0T1IIALI,3II 

In most of the cases, DP? is restrictofl to the ground 
states. An offoctix’-e spin S' is dofinori such that the 
tota,l degeneracy of the ground state is (2 3 ’ +1). The 
Haniltonian describing such a syston. is called spin 
Haniltonian. Actual and effective spine are sane for the 
orbital singlet states. L'ho 'j-Cxec I'ivo spin nay not bo equp.l 
to the actual spin of electronic sy.otexi in other cases. 

Ihorc it is on experimentally detorninod. quo.ncity and it is 
obtained by equating the number of nagnotic dipole 
transitions to 2S' . 

The oxpressionsobtained in accurate theoretical 
formulation of the actual interactions of electron spins 
are quite complicated. A sir.iplor form is obtained by 
writing the Hamiltonian in terms of actual or effective 



28 


spin as has been done by Pryco, and Ah r agar and Pryco 
using clGgenoratc perturbation theory, I'/o restrict our- 
selves to a ground nanifold of states with spin S <and 
spin degcnera.cy (2S+1) but with no orbital degeneracy. The 

rlamiltonian IL is first solved for IT. = 3L + IL for the 

o c cr 

iron group in the ground nanifold and other terns are 
considered as perturbation over this. Thus the TIaniltonian 
nay be expressed as 

= II +I-L 
^ o 1 

= Ii + E a T (2.11) 

o _ a a ^ ^ 

a 

a = X, y, z 


where 11^ nay include the ronaininj terns in the total 

Hamiltonian, R is an operator opera-tin,; only on spatial 

variables and T is the operator tha b operates only on spin 

( 22 ) 

variables. Using perturbation theory, it has boon shown^ ' 
that 


spin 


E < 0-[ 
a 


|0>T 


a 


E 

aa ' 


E 
n^fco 


<0l a^lnXn t R^, lo > 


P. 


n 


E. 


0 


T T , 
a a ' 


( 2 , 12 ) 

where and j0> represent unperturbed energy eigenvalue 
and eigenfunction, is the energy’’ eigenvalue of nth state, 
is called the spin Hamiltonian operator. This spin 
Hamiltonian operator operating on effective spin functions 
and true Hamiltonian operating on the true eigenfunctions 
give the same energy eigenvalue. 
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For the iron group^Ii^ nay bo taken as followi 
21^ = Xl.S + p (1 + ggS). li 


or 3!^ =A 2 S<x + ^ ^ \ \ ®a “ 


a 


Tlierofore vro obtain 


a 


a 


a 


E <01RJ0>T^=A 2;<0lLj0> S^+P JXO llj0> H^4,v^P 2<DlSjO>n 
a a a 

Sine g<0|L^|0> = 0, 

E <0 1 njo> = g^p s<0 ls^lo> !I^= g^ps.s. 

oc oc 

Second order perturbation (gives 

<0lR ln> <n Ifi ,l0> 
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£ £ 
aa ' n^o 


S -E 
n 0 


T T , = 
a a ' 

)?<0 1l InX njL , lo> 

2 £ 2 ] s o 


aa' n^o^ V^o 

p 2 < 0 lL^ InXnlL^, lo> 
£ 2 [ E”2-J{1 ~ i 

aa' n?so n o 


< 0 1 L 1 n > < n !L , |0 > 

I E 2AP[ i-OC-L] H s 

aa* nt-o n o “ 


A <0 [I JnXnjL , lo> a 

Clioosing A , = £ — 2^ _ = /\ , . 

aa ' „ ^n“"o ““ 


n^ifco 

expression is written as 


ibovo 


<01R [nX nlR , jO > 

_ 2 £ — ! -Q L- — a T T , = 

aa * ni^o ®n~~’o ^ ^ 

- 2 . ^ lue, 
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Finally 11 nay be expressed as 

O ii- 


dl. 


spin 


3S.H 


£ A A 


(xa 


aa ' ‘ " , , ' ' ' aa. 


cca ' 

“ Z 2 Ab A ,II 3 

^ ■ 'aa ' a a 


aa 


= S /So la'- 11' * 1 1' 

aa aa 


z A . n n , 

/a r ' \ rv/v ^ rv rv- * 


aa 


'aa ' a a 


= Z E , PH S , + ZD , S S , •« Z p 

4j ^rvrv » ~ /v rw' * /wr\/ * rv rv ’ n 


''aa ' ' a a 


, aa ' a a 


^ A , H H , 

• rv/ rv • 


aa a a 


aa ■ aa ' aa ‘ 

If ■we include spin-spin interaction, hyperfine interaction, 
quadrupole interaction and nuclear Zeerno-n terns also in 
perturbation 1^ , then for an orbitn.1 singlet ground state, 
total spin Hamiltonian is 

Z D ,S S ,+ Z g ,p}I 0 ,+ Z A ,S I , 

spin , aa * a a ’ , aa "^aa aa’aa' 

aa aa aa 

+0 ,I I , - 6 s H.I 
■'aa ' a o: ’ '^n‘^n 

where constant energy terns ha,ve Deon left out. The quanti- 
ties D g I, A and Q , are tensors of second rank.. 

The above equation is usually expresfied in the form 

*"*" “*** — *• 

:E^^.„=S.iAs + p H.I.iT. + S.A.f + I.Q.I. - pi. A. I 
spin » w I 

There are nine components for each tensor. It is 

possible to choose a system of orthogonal axes by rotation 

of coordinates such that these tensors are completely 
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diagonal. This system is called principal axis system. The 

choice of the principcJ. axis system depends on crystal field 

symmetry. In the principal axis system (a = a')» only single 

subscripts are needed in place of double subscrijpts. Thus 

g , is replaced by g . D , is replaced by D and so on. 
ococ oc ccoc cx 

g , D , A etc. are called spin Haniltoni.an consta.nts 
a’ a ^ 

or parameters and their na.gnitudes are evaluated in SPR 
experiments. In general, the principal axis systems of 
g, D, A etc. are not coincident, and in triclinic symmetry 
each of them has its own principal a.xis system and there is 
no simple relationship among them. In orthorhombic symmetry, 
three orthogonal directions aro determined uniquely and these 
are principa.! axis of all the tensors. Once thn crystal 
field symmetry is known, the principal axes are conveniently 
chosen. Tbe foriisof spin Hamiltonian for different symmetries 
are well known and are given in a number of texts^^-^^. The 
spin Hamiltonian for orthorhombic syrivietry in the principal 
axis system is 



■ +d[s^-(i/3)s(s+i)]+e[s^-s|]+q'[i2-(i/3)i(i+i)] 

+Q"C4 - ly] 

where D=D^-(l/2) [D^+Dy ] , 3 =(l/2)[D^ - 3^] 

Q'=Q2-(1/2)[Q^ + 0^],q’*=(l/2)[Q^-C^ ] 


(2.15) 
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THB SPIN-HMILTOFI/ilT PARAI-IBTER.S' 


A Tensor ; It has been shown in the derivation of Eq. 
2.13 that 

<0 jL Inxnll, , |0 > 


s ! =g 6 , “2 X Z 

““ e aa' 


“ B, 


n o 

In the principal n,xis system, it can bo expressed as 


Sa = «e - A ("aV) ^ ^ 

or = 2. 002? - (2.16) 

where AE is the energy separation between the singlet n,nd 
higher orbital states, X is the spin-orbit coupling constant 
and C_ is a. constant in the range of 1 to 10, Thus, besides 
= 2,0023, there is a contribution of the admixed higher 
lying orbital states due to spin-orbit interaction. The 
g shift (g-g ) is nego-tive for a paramagnetic ion with 
unfilled shell less than half full since x is positive. The 
shift may be positive for the shell more than half full. 

Other terms in the spin-Hamiltonian may also contribute to 
the g factor but spin-orbit intora,ction is the most important. 
H.ow it is clear how the g factor in solids differs from Lands' s 
splitting factor given by .Eq, (1,5). In octahedral field, g 
factor is isotropic with g = g = g ; in tetragonal, 

JL y z 

trigonal or hexagona.1 field, g is anisotropic with g^ ^ 
and in orthorhombic field with ^ 

JL jT Z 
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In tiiG spin naniltonian, the si-^’n of j value is 
arbitrary and could be reversed b^r chanjinp the si^^ of 
effective vspin S, The .sign tolls th.^ sonse of procession 
of magnetic moment in the external m.agnetic field. A 
negative g means that the monent x^i''ecGSSGS in the direction 
opposite to that of a free electron spin. The sign of i; 
is mostly positive. 


Tine Struct u re Constants D and B; I) is .i measure of the 
splitting of tho ground stcute spin nultiplot in an axial 
crystalline field in tho absence of external ma/,nGtic field 
and hyperfine interaction, the splitting being caused by 
spin -orbit coupling and spin-spin interaction in the second 
order. Any rhombic component of the field is represented 


by T 

There exists .a relation between g factor and D. The 
principal values of D, without considering; spin-spin 
interaction are given by 


D ,= D 
aa ’ a 



JU Ta 17 * 

n^o n o 


( 2 . 17 ) 


D 


C 

^ o 



the right hand side of which is relri,ted to g. 


Hyperfine constant A; Hyperfine structure is present 
beca.use of interactions with nuclear .spin, ‘A* gives the 



34 


separation between the hyperfine levels. It depends on 

hyperfine interaction, Porai contact interaction and to 

some extent on spin-orbit interaction. For orthorhombic 

symmetry, throe principal values are I. , A anri A and for 

X. j z 

axial symmetry, A ^ A = A , 

z X y 

0.' and Q* * i These express the q_uadrupolo interaction and 
are axial and rhombic parts respectivel 3 ?'. The magnitudes 
of those are very small and are determined from hyperfine 
forbidden tra.nsitions. 

Spin Hamiltonian parameters, described above, are 
experimentally determined from the BPR spectrum. The 3P.R 
spectrum is very much dependent on the orientation of 
principal axes relative to external magnetic field. For 
determination of spin Hamiltonian pararicters the crystal is 
oriented with one of the principal axis parallel to the 
na,gnetic field and the variation of the spoctrua in tho 
desired plane is studied. Similar study is made along the 
other two principal axes a.lso. 

SSISCTIOH RUIES im IRTSHSITY OF I-hilHETIC 
RESONAHGB TRi'iHSITIOHS 

In BPR studios of tho paramagnetic ions in solids, a 
constant magnetic field H removes tho degeneracy of tho 
^'Cramers’ doublets and an oscillating magnetic field H^ : cos(wt) 
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applied perpendicular to it induces the magnetic dipole 
transition between the Zeeman levels. 

The terms involving the magnetic field H in the spin 
Hamiltonian are p H, g, S and H. I, Substituting 

cos(wt) for H in these terms, tim*e-dependent pertur- 
bation is obtained in the form 

= p i. i- ^ 

^1 (2.18) 

This perturbation results in transition from the state 
represented by [i> to the state 1 j > and the intensity of 
the transition is given by 
lij =l<o li> 

= P^1<o 1H3_. Sli>l^+g^ |<jlH^.lli> 

-2g^PnP <d|H^.g.S|i> < |i>*] 

The first tern produces the EPR transitions and the second 
induces NMR transitions^ The third term is negligible. 

The direction along which the spin is quantized may 

bo chosen parallel to H.g and eigenfunctions can be written 

in terms of this coordinate system. Then S_^=( S^+iSy.) and S_= 

^ 

(S^-iSy) always exist in p H^^.g, S except for parallel 
to H and these therefore result in electronic transitions for 

^fhich A M = + 1, M= S, S-1, -S. Thus if p H.g. S is the 

dominant term in the spin Hamiltonian and the weak, low frequency 
I'MR transitions caused by the second term are ignored, then 
the allowed transitions are given by the selection rule. 
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A M = + 1 , A n = o n = I , I-l ...... -I . 

Tho intensity of allowo'I trnnsition>s^ '' ' is .iVvon 105!" 

I. .,,^= (l/4)(-^) pH[(G(rJ+l)-H(l[+l)] (2.20) 

J X 1 y 1 xjr-i- -i- 

cj> 

whorj '■'loponie on r’,11 other co'iponc-nts of j in a co”T-)lica.t ..a 
x>ray. 

Oonciinos, woo-kor transitions not nJ.lof-roO hjr AL'i=+l, 

A .0=0 nay ,lsc occur at Ion fiol''’., u]ion the u'^';notic fiol'" 

JI is off th j principal nxis. Chooo n-.-c cp-lloc'’ forbic" ^ n 
transitions, Oho transi Lions corrc-aponiin to +5 

occ. ar ; c-allorl fine forbillcn transitions -an'’ thoj/ occur 
'"uc to .a nizinp, of | i+l, n> anl ( 1+2, ”> b ;causc- of the 
off “f i.a^.onal olononts prolucc'’’’ by D ahion II is not parallel 
to the axis of synnotry. If 0 i>s. al^o present, fine 
forbillon tr-nisition nay occin.'’ even lor H par 0.1 ol to the 
syrriotry axis. 

iJnrlor certain con'’itions, tb.„ nuclOar sol-ction rule, 

A 1-1 = 0, n-ay also break anl a^’ = ± k ji'-y hoconc rlloucl. The 
transitions thus cansecl are caller'’ liyxiorfino fnrbi '’ len 
transitions and arc producocl by a nixin*': of bh: wavofunct ions 
I M, n > with |M, n +1> in second order duo to products of 
the typo (DO S^) (AS I.) for axial fiold^^^^ 
field H is off the synnetry axis. 


wh^n n'u^pietic 



relaxation processes 


The ground state of the parar-ia.gnetic ions in the 
crystal field forjis a nultilevel systera when an external 
magnetic field H is applied on it. In HJPl transitions, 
the electrons are transferred to the higher levels from the 
lower one of this multilevel system and they return to lower 
levels hy relaxation processes so that the absorption of 
the nicrowavo radiation is continued. There are two typos 
of relaxation processes^ the spin-lattice relaxation and 
spin-spin relaxation. The processes. in whicn the ener.'^y flows 
from the spin system to the lattice are called spin-lattice 
relaxation processes and those in which the spins exchange 
energy amon,g' themselves are called spin-spin relaxation 
processes, 

Opin-lattice Relaxation ; The spin system is in thermal 

equilibrium in the absence of resonance absorption or external 

fields, J3y absorption of raciiation of frequency v £'<-t 

o 

resonance, the therria.l equilibrium is disturbed. The spins 
are now said to bo heated. The heated spins return to 
thermal equilibrium by an exponential process with time 
constant T^ which is called longitu^"' inal relaxation time 
or spin-lattice relaxation time and this process is called 
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spin-lattice relaxation process. is a measure of the 

energy transfer from parajiagnetic ions to surroundings. 

In the spin-lattice interaction, the crystal 
field surroimding the paramargnotic ion g'ets phonon raolulatcd 
and the relaxation proceeds by three main processes 
discussed below. 


a) Direct Process ; This is of iiiportance at low tcnperaturos 
only and it proceeds by a phonon emission. The phonon will 
have an eneri.iy equal to the difference in the energy of the 
two stat iS of the paranagnet between which the electron 
transition occurs. The heated soin-systeia emits phonons 
of energy hy^ and these get absorbed directly by the 
lattice. The temperature dependence of T^ in this process 
is expressed by 


1 


-m- a T , where T is the absolute temperature, 

1 

'b) Raman Process ; If the temperatures are hi^^her, there 
will be phonons with energies greater than the resonance 
energy and then the relaxation proceeds by nnltiphonon 
processes. Of these, the Raman process involving two phonons 
is most coanon. In this process, a phonon of energy hv 
gets scattered inelastically by the spin system resulting 
in creation of another phonon of energy h Vq + hv where 
hv^ is the energy difference between the two states of a 
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paramagnetic ion and the electron dropo to tho lovxer state. 
The relaxation time depends on the temperature in the 
following manner 

1 7 

■’Tn” a T for non-ihraiiors ' doublets 
•^1 

9 

a T for :trariers' doublets 

For paramagnetic ions with neveral low lying levels, it has 
been found theoretically^ as well as exporinentally^^'^"^^^ 
that 

a T^ 

■^1 

c) Orbac h Process : In this process, two successive 

transitions occur via an intermediate state. lot an 

electron bo transferred from a level i to level f in the 

ground manifold of states by absorption of hv^. Th‘?n by 

stimulated transition, it goes to a lovol ri higher in 

energy by an amount A and not belonging to the ground 

manifold. A direct spontaneous transition of the el>.'ctron 

from lovol n to i results in a spontaneous emission of a 

phonon of energy A + hv^. The rela.xation rate is given by 

n - A/k T 

-vr- a e 
^1 
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■where k is Boltzaann constant. Low excited states 

like m are found in rare-oarth inpurities doped in the 
crystals , 

Spin-S'pin Relaxation ; This ciechanisn iniT'cl-wes dipoles 
close enough so that they experience ■various local fields 
resulting from the dipolar fields of their neighbours. 
Identical spins process at the sajie 'Iroquency in external 
nagnotic field and the oscillatory field created by proce- 
ssing conpone'nt of one nagnotic dipole produces nagnetic 
resonance transitions in another dipole and thoir spin 
orientations change . Thus thu quanta are exchanged anong 
neighbouring ions by nutual spin flip and spins are in 
thermal equilibriuj'i aj.iongst thonisclvos. If this equilibrium 
is disturbed, it is re-established exponentially with 
tine constant Tg which is called spin-spin relaxation time. 

Exchange Interaction ; The identical spins interact 
electrostatically also through a short range interaction 
which is called exchange interaction. This results in a 
change in width of absorption lines in EPTl spectrum different 
from the magnetic dipole -c^ipolo interaction. 

ZERO-PIELD SPLIT! nil IE Mn^'*’ 

The paramaignetisn of this ion arises from unpaired 

5 6 

3 d electrons. The ground state is orbital singlet ^5/2 
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(L =0). The resultant orbital angular nomontiin boin;' zero, 

one does not expect the splitting of tlio ground state under 

crystalline field which acts only on orbital uotion, but 

snail splittings do take place and these have been explained 

f 30—31 ) 

to be due to various riechanisns^ . In hydrated salts, 

this ion is surrounded by six water nolocules forning an 

octahedron which givos rise to an octahedral crystalline 

field of intermediate strength. If the octahedron is 

distorted, tetragonal or trigonal symnetry nay rcfsult. In 

6 

the octahedral field, the g-ound state ^ 5/2 designated as 
6 6 

A^, The splitting of A^ is produced by the effect of 
spin-orbit coupling and any other noncubic part of the 
crystal field due a distortion of water octahedron, ’'fhon 
there is only spin degeneracy, the splittings aro of the 
order of 1 cn"^ and finally, thcr^ are loft onls?- throe 
ICrain or ' s d oubl et s . 

In the presence of a steady na. aietic fio3.d, throe 
Kramers' doublets further split into six levels. Vhon the 
nuclear spin of Mn^^ (1=5/2) couples with the electronic spin, 
each level splits further into six hyporfine levels. Elect- 
ronic transitions between those hyperfino levels aro given by 
AM=+1, A ■ri=0 and these are shown in . Eig. 2.1, 

6 2 “f" 

Split tin;:< Mechanisms : S^’aund state of Mn remains 

degenerate presence of a cubic field alone. 


The effect of perturbing potential duo to spin-orbit coupling 
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and non-cubic conponents of the crystal field has to be 
considered for the splitting of this state. Different 
nechanisns have been suggested for the splitting and these 
may be classified into three groups s 

a) The nechanisns linear in sioin-orbit interacti'>n such 

(^32) 

as Relativistic nechanisev , 

b) The nechanisns quadratic in spin-orbit interaction such 

f 33 ) i 34-36 ) 

as Blurio-Orbach nochanisn^ , Vatanabo nochanisri^ ' 

and Iiowthor-¥yk nechanisn^ ^ . 

c) The nechanisns cubic in spin-'Orbit interaction such as 

f 37 ) 

Hutchinson, Judd and Pope nechs.nisi j ^ (II.J.P. nechanisn). 

The spin-orbit coupling operator produces a weak admixture 
of tho excited "^T^ cubic states into ground state and a 

perturbed eigenfunction for state is obtained. This is used 

to calculate perturbation onorgjr. In a xjuro cubic crystal field, 

r 

the state '^A^ splits into a doubly de^.onerate state and a 
quadruply degenerate state which further splits by an axial 
component of the field, 

Por oho splitting of ^A^^ of Mn^"*' in the crystals having 

an axial or orthorhombic distortions from octahedral symmetry, • 

relativistic nechanisn has boon foiuid dominant ^ ^ while 

Bluno-Orbach (B-O) nechanisn is second in order of magnitude. 

H.J.P, and Watanabe nochanisras arc equal in order of magnitude, 

but both are smaller than relativistic or B-0 nechanisn , 

However, none of the nechanisns has been found satisfactory 

so far and further theoretical calculations are necessary 

2 + 

to explain tho splitting of the ground state in Mn 
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STRUCTURAL PHASE TRAUSITTOU IN CRYSTALS 

m 

Different crystal jncdifications of a substance 
have different internal syrariotry^ '' \ There exists only 
one syrinetry in one phase of the crystal. The transition 
between two pho.Sc.s of different sjaanotry may occur abruptly 
by means of a phase transition in which a sudden roarr angora out 
of the crystal lattice tabes place. Such a transition is 
called, the phase transition of first order, There are no 
synnetry roquiroraents foe this to occur, only the froe 
energies of the two phases should be sruno at the transition 
t emporature , 

It is also possible that th-' arrangement of atoms 
in a crystal may change gradually and a siiall displacement 
of the atoms from their original symmetry positions may 
change the symmetry of the lattice. Tiio transition resulting 
from such a continuous modification of thu crystal lattice 
from one phase to the other is a phase transition of second 
order. At the transition point, the symmetry of the crystal 
contains the symmetry olomonts of boththe phases. The 
symmetry of one phase is higher than that of the other and 
there exists only one phase at any temperature. 

The change in symmoti’y in a phase transition may 
also result frora a ch.ange in ordering of the crystal. Tho 
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change froom an ordered to disordered crystal is a first 
order phe„se transition if on increa.sing the terperature, 
the degree of ordering hecones zero discontinuously . 3ut 

if the degree of orderin^^ becorn'es zero continuously, the 
phase transition is of th; socond order. 

In Landau's theory of phase tra.nsition^ a 

function p(r) such as electron density, cha-n.",os with 
t oiiiporaturo and the free energy f of the syston depends on 
p (r). l‘he conditions fo3’ the first and socond order 
phase transitions and for the change in symnetry in the 
second order have been derived fron the dependence of 
I on p(r). 

landau's theory has been extended to 'soft node' 
theory in which a socond order displacive 
structural phase tra,nsition is shown to bo associated 
with a low frequency unstable optic mode. This node becomes 
soft (zero frequency) as the transition temperature 
approaches. xl soft mode is a dyn-'^mical aspect signifying 
the structural instability. (a first order transition 
involves only one mode whose frequency falls considerably 
but not to zero. Sometimes, several fairly low frequency 
modes may also bo involved in first order phase transitions). 
It has been found that the second order phase transition 
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occurs at a. tor^peraturc T = T with order paraiacter C(a 

c 

displacive parameter, depending on displacement vectors 
or angle of rotation or ordering) gi'/en by 

5 a (T^ - Tf p = 1/2, for T < 
where is the transition tcmpern,turo. 

In addition, the dynamical mechanism of structural 
phase transition has boon considered in microscopic 
theories with mean field approxiraation^'^''®"^^^ and the 
sane result is obtained for the order parameter C • fbo 
temperature behavioue of 5 with p = l/2 is called Landau 
behaviour. 

In the critical region T I , it has been found 
( 5'5) 

experimentally ^ that the critical behaviour of ^ is 
expressed by 

? a (T^ - T)"^, p = 1/3 

This is ill contrast to the m(/infio3.d theory vo,luo for p 
as l/2. Tims this theory fails in the critical region. 

In a recent pap or, the riodif ic.itions made by Beck^^^^ in 
dynoxiic.al moanfield theory are inadoquri.to and further 
improvements in this theoretical approach are no jded to 
explain the critical behaviour. However, there exist 
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otiior tiieorotical approaclics in which the critical 
behaviour has bocn explained (Z Y r;iodo3._,Ti = 0 . 33 } 

Ising nodeljT] = 0.312). 

In addition to the value of the exponent t) , the 

observation of a central phonon peak near in Severn.! 

( 55 — 58 ) 

experiments^ is also o, problom of critical 

( 54 - 59 ) 

rogxon^ . 

A considerable n'uiibcr of expoririental studios using 
3PH, first order Raman sco,ttering, elastic and inelastic 
neutron scattering, ultrasound, x-rays have 

been made on structural phaso transitions in single crystals 
such as SrTiO^, laAlO^ etc. It has been found that thoug'h 
for explaining tho experimental results in critical region 
further developments in neanfiold theory are required, yet 
the soft mode concept' ' ^ has proved to be very useful 

in describing the gross foaturcs of th-_ experimental results 
correctly and it is not restricted to f crroeloctrics only. 

Tho dynamics of some particular typo of coordinates 
of cryst.'.l lattice such as tho rotations of Og octahedron 
in porovskites and of t etraliedron in CH^ and NH^Z, 
displacement of Ti ions relotivo to tho Og octahedron in 
BaTiO^ and proton motions in tho hydrogen-bonded 
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f orro-clectrics, iv9 associTfc od with the phase transitions 
occurin.],- in the crystal and ord-cr paranctc 5 is roD-ated 
to those coordinates. Tho exporinental neasurenents can 
be related to 5 . 


Structu ral Phase Tr a nsiti on Stud y u si n^-, g P Hj Method ologico-1 
aspects ox the study of structural phase transition using 
JIPR have boon discussed by Il’llor^^^ ^ , Th j choice of the 
ion for such studies, the spin-Hainiltonian fornalisni to 
describe tho spectra, the inportfinco of fourth order terms 
for local symmetry, confirmation of tho space group of tho 
crystaJ. , criteria for tho determination of the site of inpujrity 
ion, the senstivity, precision and h limitations of the 
method have been described by him. 


The EPR spectrum reflects tho point symiuctry of tho 

crystal field to which an impurity ion is exposed. Tho 

paraixiagnotic impurities whose free ion ground states are 

2 ,. 




, are insensitive to details of their environment 


partly because S = l/2 and partly because there is very little 
orbital contribution to the np.gnetic moment . On the otber 
hand, tho free ions with ground state such as 


half filled d shell ions Or'*’, (3d^, S= 5/2) and 

3 p-f" '5+ 4- 

and those with ground state ^^2 ^ , 06 ."^ »^b'' 




2 + 
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(half filled f shell 8 = 7/2, 4f'^) are quite sensitivo 
to their crystalline environnent becaus' S> l/ 2 , resulting 
in fine structure, Iho use of such ions is preferred 
for the following reasons 

i) If the ground state of the impurity ion is orbitrtlly 
degenerate (1 5^ 0), it would, introduce additional distortions 
into the lattice as a result of John - Teller effect but in 
the orbital singlet (1=0) ground state ^no such distortions 
would occur. Thus the SPR spectra of 3d^ ions would 
reflect the true point synnetry. 

ii) Since S> 3/2 for these ions, the splittings 
obtained inake BPR superior to other nothods for dotomining 
syninetry, 

iii) Those ions h.avc first excited state away from 
the ground state and nearly vanishing orbital angular mo-ieiitun in 
the groimd state. Thoroforo, spiii-lattice relaxation 
tines are longer at high temperatures. At lower temper- 
atures a.lso, these are reasona,blo. Thus studies c.an be 
made for a largo range of te.“ipo natures upto lOOOK or abovo. 

The SPR method has an advantage over x— ray and 
neutron-diffraction nothods for phase transition study 
beco.uso in these methods, on lowering symmetry only special 
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roflGctioii spots split or bocono allowod , while in EPR 
0.11 linos shift in first order for halt integrn,! effective 
spin ground st0.tos. 

To use par'‘^n;ignetic ions for the phase transition 
study and sit o-symetry dot orminationjone has to look for 
an ion that jiatches the valency and size of the site of 
interest in the crystal. Tjoreoe^or, the. cone ^ntr 0 .t ion of 
the ion in the crystal has to bo kept low so that EPR lines 
are sharp, for largo concentrations, tho lines become 
broad duo to dipolar interaction and accurnto lino positions 
cannot bo deteruined, linos should also remain sharp over 
a wide range of temperature. The EPR method has bi" en very 
promising for investigation of phase transitions in porov— 
skites like SrTi0^_,laA10^ and m.any other ferroelectric 
crystals. 

S tructural Ph':j,se Transition Piramo terss The parameters 
measured in EPS study are, tho angle of rotation 0 of tho 
symmetry axis of tho spectrum and tho axial field splitting 
parameter 1. fourth order cubic field parameter 'a* is 
necessary for site'- symmetry determination. The temperature 
variations of 0 and D arc given by IIuDler^^^^ as 

0 a (Tq - T)^/2 

D a (T^ - T) 
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CHAPTER III 


2 + 

EIECTROH PARAIIAG-HSTIC RESOHAHCE STUDY OP Mn ^ 

DOPED J'lAGFESIUT-I PBRCHLORA'^E HSZAHYDRATE 

Abstract 

A doscriptioja of crystal structure and crystal growing 

method for Mg(C10^)2.6H20 is given. The EPR apparatus and 

the accessories used are mentioned. Electron paramagnetic 

2 4* 

resonance of Mn doped Mg(C10^)2.6H20 crystal has been studied 

2 + 

from room, temperature to liquid nitrogen temperature, Mn 

2 + 

substitutes for Mg at sites of trigonal symmetry and exhibit 

a 30 line hyperfine spectrum at room temperature for the axis 

of trigonal symmetry (c-axis) parallel to the static magnetic 

field. The spin Hamiltonian necessary to analyse this 

spectrima is described and the equations used for calculations 

are given. The angular variation of the spectrun shows that 

2 + 

there exist three slightly inequLvalent sites for Mn in 
Mg( 010^)2.61120 lattice. Hyperfine forbidden transitions 
(a a m=+l) are obseDTved when the magnetic field is off 

the c-axis. The observed linewidths show normal variation 
with impurity concentration. 

Three structural phase transitions have been observed 
at temperatures 272+lH, 203+lOK, and 103+lE respectively, the 



last of which could be identified with that detected 
earlier through Mossbauer study. The transitions 
occurring at 272+lK and 203+lOE! appear to be of the 
second order. The order parameter (which is the angle 
of rotation of the principal z-axis) and the D parameter 
have been interpreted in terns of the theories of second 
order phase transition. The transition occurring at 
IO 3 K is of the first order. 
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Introduction t 

Electron pa.r.amagnetic resonance stuc ies of divalent • 

manganese have been made in a large number of hosts, 
in the crystal fields of different symmetries and with 
surrounding ligajids of different types. When the surround- 
ing ligands are six water molecules, and they form a 
distorted or undistored octahedron around the paramagnetic 
ion then the crystal field at the site of the ion is of 

intermediate strength^^^. Divalent manganese in such a 

( 5 - 9 ") 

surrounding has been studied by EPR in Tutton's salts^ \ 

double nitrates^^^~^“^ , fluosilicates^'^”®’^^\ sulphates^® 

bromates^^^ etc. Typical interionic distances (paramagnetic 

o 

ion to ligand ion) are of the order of 2 A when the ligand 
is 0 ion (of H2O) in the hydrated salts. 

Metal perchlorate hexahydrates, M(C10_^)2«6Hp0(M=Mg, 

Zn, Od, Eg, Pe, Co, Mi, Mn) form a serie of iso structural 
compounds. Manganese perchlorate hexahydrate is also a 
member of this series. It has been reported ^ that J-In^"*” 
substitutes for Zn^"^ in Zn(C10^)2.6H20 crystal and is 

? + 

surroimded by a trigonally distorted water octahedron, Ma" 
may also substitute similarly in other perchlorates of 
the series. No EPR studies seem to have been made for this 
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O 4 . 

series of crystals except for Fm doped Zin(G10^)2.6H20* 

2 

The present chapter deals -with the EPR study of Mn doped 
magnesium perchlorate hexahydrate. Mg ( 010 ^ ) 2 • ^5IT20 • This 
to our knowledge, is the first EPR report on this system. 

Crystal Structures 

The crystal structure of Mg (C10^)2.SH20 (henceforth to 
be referred to as MgPH) and its isomorphs was determined 
b5?- ¥est^^°^ in 1935 from x-ray studies of needle shaped 
twinned hexagonal crystals and its structure is taken as 
standard for other isomorphs, lie used lauo, oscillo.tion and 
powder methods with Mo-radiation to work out the structure 
which has been found to be orthorhombic pseudo-hexagonal 
with a bimolecular unit coll in the space group (Pmn), 

the needle axis being crystallographic c-axis. This 
structure is the result of combination of a body centred 
orthorhombic metal lattice (M-lattice) and a base centred 
hexagonal water perchlorate lottice (P-lattice), The 
M-lattice has to get twinned along a three fold vertical 
twinning axis so as to get the hexagonal structure. The 
term hermaph?codit e has been used by West for this type of 
twinning. Such a twinning may be called repeated twinning, 
mimetic twinning or g-rowth twinning. It has been discussed 



59 


by Battey in the structure of aragonite The twinning 
is shown in Big. 3.1. Because of tnrcc fold twinning, in 
the resulting hexagonal crystal, lattice parameters a and 
b may be chosen in three equivalent ways. The structure 
as a whole is thus not twinned in the usual sense. The 

dimensions of the orthorhombic unit cell for MgPIT are 

o 0 0 

a = 7.76a f b = 13.46x1; c = 5.T6A and b = aV’3 

The projection of the unit cell chosen by West, in a b plane 
is shown in Fig. 3.2. The general positions for the atoms 
and molecules in the space group given by Wyckoff^ ' 
are 

(2a) 0 u v; 1/2, u, v + l/2 

(4b) X y z; x y z; 1/2 - x,y,z +l/2; x+l/2, y,z+l/2 
The positions of the atoms and molecules are given in 
Table 3.1 and the unit coll described by West is obtained 
by changing x-->x + l/4 and y-.y + 1 in this table. 

The six nearest neighbours of the magnesium ions are 

water molecules and the Mg ~ (H20)g octahedra have Mg~H20 

o 

distances as 2.14 A , The CIO^ tetrahedra are further away 

o 

from the Mg ions and have 01-0 distance as 1.50 A. All 
the octahedron edges are unshared and are nearly equal. Each 
water oxygen is bonded to Mg ion. Water molecules forming 




Fig. 3-1 Three fold vertical twinning of Mg lattice. Two types 
of circles are Mg atoms in two different layers c |2 
apart .Triangles in two different orientations are 
CIO 4 tetrahedrons at two different heights. 








^ V 



• Mg 
O Cl 


a 

b 


7.76 A 


13.45 A 



WcAcr 


O Oxyg 


en 


Orthorhombic unit coll of Mg (0104)2 6H2^ 
A six-ring of three waters and thre 
perchlorate oxygens is outlined. 



Table 3»1 

Positions of the 
Mg(C10^_)2.6H20; 

Atoms and 
O^^(Pnii) 

ITnlocnlos 

in 

Atom 

Po sition 

X 

Y 

z 

Mg 

(2a) 

0 

0*250 

0.750 

Cl(l) 

(2a) 

0 

-0.083 

0.500 

G'l(2) 

(2a) 

0 

0.583 

0.000 

0(1) 

(2a) 

0 

-0.003 

0.778 

0(2) 

(2a) 

0 

0.583 

0.278 

0(3) 

(2a) 

0 

-0 *189 

0.408 

0(4) 

(2a) 

0 

0.699 

-0.092 

0(5) 

(4b) 

-0.150 

-0.031 

0.408 

0(6) 

(4b) 

-0.158 

0.531 

-0.092 

H20(1) 

(2a) 

0 

0.125 

0 

H20(2) 

(2a) 

0 

0.375 

0.500 

H20(3) 

(4b) 

-0.187 

0.187 

0.500 

H20(4) 

(4b) 

-0.187 

0.313 

0.000 
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octaliedron are situated at tlie faces of a cube which is 
elongated along its body diagonal. The body diagonal is 
parallel to the crystallographic £-axis which is the axis 
of hexagonal needle also. The Mg ion site has trigonal 
symmetry with three-fold axis parallel to c. The configura- 
tion about the second Mg ion site in the unit cell is obtained 
from the first by a rotation of 60° about the c-axis. 

Experimental^ 

Magnesium perchlorate is prepared by dissolving 

magnesium carbonate in dilute perchloric acid. The excess 

carbonate is filtered and the solution so obtained is 

made saturated. It is then crystallized by slow evaportion 

at a constant temperature in a desiccator containing 

concentrated sulphuric acid. Crystalline solid is separated 

and again a saturated solution is prepared with desired 

impurity added to it. Recrystallization is done in the 

previous manner, for getting good crystals, growth aid 
" 5 + 2 + 

Gr or Gu is added in very small amount to the solution. 

The crystallization is done in 100 c.c. beakers which are 
covered with perforated paper. The crystals of MgPH grow 
in the form of slender hexagonal prisms (10 I 0) which are 
terminated irregularly and the end faces are not identi- 
fiable. Growth axis is crystallographic c-axis. The 
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crystals of appropriate size are obtained by cutting 
the long needles (uith clear faces) per]jondicular to 
the growth axis. The crystals orco hygroscopic and are 
coo ted with 1;1 mixture of pertroleum jolly end paraffin 
oil to prevent absorption of moisture. External morphology 
of thij c'.'ystal is used to align the crystal in the 
magnetic field with desired pla,ne. 

Tor BPR studies of these cryst.als, a Varia,n--4502 
EPR spectrometer with lOOIfSz field modulation and control 
unit V-4560 and 9“inch magnet is used. The spectra are 
recorded with a 0—14 strip chart recorder, DPPH is used 
as a field marker. The resonance magnetic field for DPPH 
line is calculated by measuring the frequency with Hewlett 
Packard frequency meter Z~532B and the other field measure- 
ments are done with ref erenco to it. Angular variation is 
studi'Sd by a Varian E-229 goniometer and V-4531 cavity. 

The tempero-ture variation studies are made by using 
a l/'arian-4540 temperature controller which regulates the 
temperatures from 5502 to nearly liquid nitrogen temperatures. 
A coppor-constantan thermocouple placed at the surface of 
the crystal and Leeds and liorthrup Standard potentiometer 
is used to measure the temperature within an accuracy of 
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+ 1£. The temperrLture is vo.ricd in steps of 5K and 
sufficient time is given at each interval to assure that 
the crystal attains uniform temperature. The chc\nges in 
EPR spectra are first observed on the oscilloscope and then 
the recording of the spectra is done a.t various intervals 
of temperature, hear the phase transition, the temperature 
is varied in steps of 2E. Angular variation is also 
done for each phase to determine the principal axes. For 
the angular variation of the EPR spectrum in the a c plane, 
at room temperature, the crystals are mounted with the h 
axis perpendicular to external magnetic field H; and can 
be rotated in the a c plane. For angular variation study 
in the a b plane, the needle axis is kept perpendicular to 
the magnetic field and the crystal rotated in the a b plane. 
For temperature variation study, the crystal is mounted 
with the a-axis perpendicular to E, and can be rotated (if 
the symmetry becomes tetragonal from the trigonal sifter a 
phase transition) in the b c piano which contains ono of the 
H 2 O - H 2 O tetragonal axis (Fig, 3.5). 

Results and Discussion: 

2 + 

At room temperature, the EPR spectrum of I-In in MgPH 
for the steady magnetic field H parallel to the crystallo- 
graphic c axis consists of 30 lines of the allowed transitions 




Fig. 3. 3 Water- octahedron surrounding Mn^ 




AM = +1, Am = 0 , as sho>m in ?is. 3.4. There is 
overlapping of some hypoi’fine lines hc-cause of smallor 
spread. As the crystal is rotated such that the c-axis 
is away from the magnetic field in the a c plane, the 
spectrxm shows a decrease in spread which becomes minimum 
and attains a secondary maximum for II perpendicular to c. 
The angular variation of the fine structure transitions 
is shown in fig. 3.5 in x-rhich tho experimental points are 
plotted alongwith tho theoretical curves. 

The angular variation in tho a c plane also shows th 
splitting of hyperfine lines for angle © bot'-roon the 
magnetic field and the c-axis more than 10°, As tho angle 
© increases tho splitting of extreme groups of linos 
becomes more clear and at about 40° off the c-axis there 
are three components of nearly equn,l intensity for each 
line, Fig, 3.6 shox^rs the splitting of some loxc field 
lines of tho first group. These linos merge again for 
H perpendicular to c, 

Tho study made in the a b plane shows very smaJ.l 
splittings in theh.f .lines x-rith angnlar variation. For 
the magnetic field H parallel to a, the linos are merged 
and this feature is repeated for en,ch possible choice of 




■CIOJ, 






Angle 0 (in degrees) 



a i.e. the spectrum repeats itself after each interval of 
60°. Hoxirever, the lines are also found merged for each 
30° rotation from a hut the sense of "icrging is different 
from thet of H parallel to a. 

From tho above observations;, it is concluded that ai 

2 + 

the room temperature, there exist for Din complex three 
slightly inequivalent sites x^rhose principal z-axes are 
parallel to a common axis -which is the crystallographic 
c-axis and the axial crystal field splitting parameter f 
is nearly same for the three sites. 

Inequivalent sites may result duo to two reasons 

f 17 ) 

'there mc^y bo a small mismatch^ ^ of tho three twinning 

orthorhombic Mg lattices along tho composition planes. Thi 

mismatch xrill give rise to only a line broadening and will 

not produce three sites because the water-per chlorate latt 

and the throe twinning components initially slightly misma 

will have more and more mismatch for the points away from 

the composition planes. Next we may consider the effect ofi 

tho arrangement of tho neighbo-urs beyond water-perchlorate 

2 + 

surroxnidings . These are Mg ions and duo to these one max 

i 

easily see (Fig. 3*7) that there are only three different 

2 -f* P 4- 

possible s-urroundings for oa.ch Mn ion, Mn going in th) 




Fig. 3.7 Twinned Mg lattice .Twinning orthorhombic unit and 
three different environments for Mn^"^ are indicated by 
thick lines. Two type of circles are Mg atoms in two 
different layers c/2 apart. 




throG different sites will result in three different 


spectra with ver^r email difference in h. Crystallographic 
c-axis romains a common symmetry axis for the three spectra, 
The two sites of in a unit cell :iro identic-al as far 

a,s EPh is concerned. The Mn^"^ substitutes for in 

a trigonp.l site formed by an oebahedron of water molecules 
slightly elongated along c-axis and exhibits a 30 -line 
spectrum for H parallel to c. 

The spin Hojnilfconian necessary to analyse the 
spectrnm of Mn^"^(3d^, 6S^y2» 1=5/2) in a trigonal 

site is written 

P (H^3^+HySy)+B(s2- f|) - ^(a-F) 

"^^4- u 4-^ +(1/2)B[S^I_+S.ip 

12 ^” ( 3 - 1 ) 

vrhere g is the splitting factor, p is the Bohr magneton, 

S is th^' spin angular moraentum opersitor and S+ = [S +iS ], 

— X""* y 

^a*is the cubic field parameter, D and E are axial field 
parameters or fine structure constants with second and 
fourth degree terms, A and B arc hyporfine constants, Q' is 
quadrupole interaction parameter, g^^, and I are nuclear 
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splitting factor, nuclear magneton and nuclear spin operator 
respectively and =[1^. + ^ is the steady magnetic 

field applied along an arbitrary direction, z-axis is 
chosen along the c-azis which is the (111) direction of 
a cubic coordinate system ^ rjZ , The fine structure part 
of this Hamiltonian is 

+D[ 3f- ^ ]- - 2f S2+ g] (3.2) 

and the raa.gnetic fields at. which the allowed fine 
structure transitions occur are given by^^^^ 

E=+5/2^±3/2; gpH= gpH^ +[2D(3cos^0-l)+2pa+ |Pq]r32 6^+462 

M=+3/2^ +1/2; gpH=gpHQ +[D(3cos^ 0-1)- |pa- |^Pq] 446^-562 

M=+l/2;i -1/2; gpH=gpIlQ + 16 6^ - 8 62 (5.3) 

where H is the field at which a transition is observed for a 
fixed frequency of the applied microwave radiation and 
is the field at which it would have occurred if all fine 
structure terns had been zero. H makes an angle 0 with 
the trigonal axis and 
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Por © = 0°, H is parallel to c and the following equations 
are obtained for resonance fields 


^+5/2 (=a +5/2 ~ ^^0 “ 

^+ 3 / 2 ^ -4 = Hq -■ 2D + (5/2)p (a-F) 



^ ^ 3/2 = + 2D - (5/2)p (a-F) 

X _3 y2 ~ ^0 ^P ( 9'~F ) 

where p = -2/3 


(3.4) 


If © = 90 °, H is perpendicular to c and resonance fields 
are given by 

^■^+5/2 ^+3/2 = + 2D - 2p (a-F) + (D^/H^) 

^+3/2^ -4 = ^ + (5/2)p (a-F) - (5/4) (D^/H^) 

^ - (2D^/H^) (3.5) 

^ _ 3/2 = - D - (5/2)p (a-F) - (5/4) (D^/H^) 

H_ 3/2 -- 5/2 = ^^0 ~ 2D + 2p (a-F) + (D^/H^) 

where p = -l/4 

Here D and (a-F) are in units of gauss and the Eqs, (3.4) 
and ( 3 . 5 ) are used to calculate the spin Hamiltonian 
parameters g| ] » gj_» D and (a-F). 
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Neglecting the nuclear Zeeman term and quadrupole 
interaction terra of the remaining spin Hmiiltonian in Bc[.(3.2 
the hyperfine part is left as 


^ Sz h (h n (3.6) 

From this, the positions of the hyperfine lines due 

to transitions AM = + l,Am = o are found by adding the 
following terms with appropriate value of M to Eqs. (3.5). 




h . f , s 


En 


4gpHQ J [l(I+l)-m^] - ggpE^ (E)(2M-l)m 


1 / A ^- B^n ,^ iiSi 2 2 ..,..2 ^ __2 




^ ^ g 2 .n 0 cos 9 


Z 


(3.7) 


where 

^ 2 . 2 .2 2 2 r . t ,2 . 2 „ 

n g = A g^ cos Q + B gj^sin 0 

Bor 0=0° and A and g nearly isotropic, the expression 
becomes 

2 

^h.f.s = - ^ - 2ifH^ [l(l+l)-m^+(2M-l)m .] (3.8) 

and for 0 = 90°, A is replaced by B in this expression. 

This equation is used to calculate the values of A and B. 

To obtain the spin Hamiltonian parameters, first of 
all the value of the magnetic field corresponding to the 
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DPPH line in the spectrun H ll c is calculated from the mea- 
sured frequency and the known values of h, p and gjj. Then 
the positions of hyperfine lines are raeasured relative to 
the DPPII line. Pine structure transition positions, 
are determined from them and the values of D and (a-P) are 
calculated in terns of gauss ly elimination process using 

Eqs. (3«4), The same procedure is follox^ed for the spectrum 

2 

H _L c but now for D /H^ term in it, D is substituted from 
the first spectrum and is approximately calculated. 

The values of A and B are calculated from hyperfine ; 
line positions using Eq. (3.8), With these two known, appro ■ 
priate corrections are applied to the resonance magnetic 
field values of the fine structure tra,nsitions and the 
final values of D, (a-P) and are calcula,ted. Prom the 
values of in two cases, g-^ , and gj^ are determined. The 
spin Hamiltonian constants for Mn^"^ in MgPH have been cal- 
culated as 1 


gj , = 2.0023 ± 0.0010 

D = 146.6 + 1.0 G 


= 2.0012 + 0.0010 

(a-P) = 8.8 + 1.0 G 


A = -91.8 + 1.0 G 


B = -94.3 + 2.0 & 


where signs of parameters are Telative. 


(G-iven in the text refer to the mid -point field values ofp 
the observed hyperfine sextets in the EPR spectrum of Mn^'^l 
Second order corrections are small and have not been 
added to these values while plotting angular variation.) 
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Linewidth t 

Peak to peak width of the derivative signal is called 

linewidth. It depends very much on the concentration of the 

paramagnetic impurity doped in a solid. Ihe effect of 

increasing the concentration on the appearance of the EPR 

lines is reflected as their broadening due to magnetic dipole- 

dipole intersection^ ' between Mn"^^ ions. The concentra- 

2 + 

tion dependent EPR line broadening has been studied for Ifa 

in aqueous solution^ , frozen aqueous solutions^ ' and dia- 

f 2 6 2 Q ^ 

magnetic lattices^ ^ ^ . In the present work, the linewidths 

in one sample of Mn^"*" doped MgPH crystal are found to be of 

19Gr to 27Gr while in another crystal with much smaller concentr 
2 + 

tion of I-ki , the linewidths are 4G- to lOG only. Thus the 
linewidths are found to be very much concentration dependent 
in this study. 

In adduition, the linewidths in the group with transition 

M = — 5 - are smaller than those with the transitions 

involving larger quantum number M. This is the usual behaviou 

( 26 ) 

and has been explained by Vanier^ \ There are statistical 
fluctuations in the local crystalline field surrounding the 
paramagnetic ion due to crystalline imperfections. These are 
reflected by fluctuations in the amplitude of D which in 



turn^ affects the linewidths, la case of axial symmetry, the 
nagnetic field for resonance at a frequency v is given by 

H = Ho + (M - i) (^) [3 Oos^Q - l],* Ho = ^ 

for a fine structure transition, M being the upper magnetic 
quantum number of a given transition and Q- is the angle bet- 
ween the magnetic field and z-axis. Por M = -5-, the term in D 
vanishes and M = -i^- ^ — r transition is not affected by D. 

But for M = +5/2, +3/2, the second tern is not zero and pro- 
duces a shift in the fields for resonance. D in these terms, 
under the effect of crystalline imperfections contributes to 
the broadening of lines. 

In addition to this, statistical fluctuations of the 
orientation of the axis of symmetry of the complexes are also 
important because of the strong angular dependence of the 
resonance lines associated with larger M values. This is 
equivalent to fluctuations of © in the c.'oove expression. A 
resultant broadening is obtained if fluctuations of the 
relative orientation of the crystalline field are added to the 
amplitude fluctuations of D, 

Hyperfine Borbidden Transitions s 

When the magnetic field H is off the c-axis in the 
a c or the b c plane, five doublets of lines between the 
allowed hyperfine lines (a M = + 1 ), ( = 0) of the 
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electronic transition M = +2''^ observed in the 

2 + 

spectruQ of MgPH; Bin system. Some lines of the doublets 

overlap with the allowed hyperfine lines of the other groups 

(Fig. 3,8), These doublets are due to hyperfine lines of 

forbidden transitions (A M = + 1 ,a m = + l) and have been 

observed in many systems. Such transitions occur due to a 

second order nixing of A with a for cubic symmetry > A 

with D and a for axial, trigonal, tetragonal or hexagonal 

symmetry^®^^®*^^*^^”"^^^ and A with D and E for orthohombic 
(T7 ) 

syametry^^ . The relative intensity expression for axial 
S3n3imGtry obtained by Bleaney and Rubins^ shows that these 
doublets cannot be observed as long as magnetic field is 
parallel or perpendicular to the axis of symmetry. The 
intensity is maximum for © = A-5^ and the lines are strongest 
for the electronic transition ^ 


The separation between the lines of a hyperfine for- 
bidden doublet has been evaluated by several authors and 
for trigonal symmetry it is given by 


4 H = ^ . (Slfe) H„ - 


+ 25A 


^^rz) (30os^Q - 1) 
■^0 


H 


o 


] (2n + 1) 


(3.9) 



(3383G) 



+1/2:;^: -1/2 for H making an angle 15° from the 
axis in the ac plane in Mg (C 104 ) 2 - 6 H 20 -Mn^-*- system. 
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ir IT 

Txrliere y is the gyronagnetic ratio of the nucleus, 0 

is the angle between c and H and n = -5/2 for the doublet 
occurring between c = -5/2 and n = -3/2 allowed transitions. 
Other terms have tJieir usual meening. 


Prom the doublet separation in the SPR spectra of Mn 
in MgPH at 0 = 10° and 9 = 20° fron the c-o-xis in the a c 
plane, the value of Q' and (■■";;§■) are obtained as 


2 + 


Q’ = 0.06 a 


Y£n 

gP 


= 0.37 X 10 ^ 


The value of YPn/gp obtained by other workers^ 


xs 


0.3775 X 10*"^. 

TEMPERATURE VARIATION AND STRUCTURAL PHASE TRAIT SITION STUDIES 


Por temperature variation study the crystal is mounted 
such that the magnetic field H could be rotated in the b c 
plane. This is done for some specific reasons. It has been | 
indicated by Mdssbauer studies^^''^^ on Pe (C10^)2»6H20 that the 
observed temperature variation of quadrupole splitting may be 
explained by ass-uning only axial distortion of water octahedron 
and a transition fron axially compressed (at lower temperature J 
to axially stretched distortion (at higher temperatures). The 
susceptibility measurement in Pe, Go, Hi, Mn and Gu 
perchlorates indicate that in these crystals, the trigonal 
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syi:ji-ietry due to axial extension of f, rater octahedron at room 
temperature nay chaiij^e to a tetragonal symietry due to axial 
compression of water octahedron after the phase transition. 

Since these perchlorates are iso structural to IlgPH, similar 
changes nay he expected in this crystal also after the phase 
transition. The b c plane contahns one of the three H2O-H2O 
tetragonal axes. After the phase transition this may become 
one of the principal axes. The spectrum for this direction wil. 
show an extremum after the phase transition. This axis is at 
about 55° from the c-axis in the b c plane (Pig. 3.3). The 
other two H2O - H2O axes will lie in the other two possible b c; 
planes which are oriented at 60° and 120° with respect to this 
plane . 

Spectrum for H || c s 

As the temperature is lowered, the hyperfine spread of the 
spectirum for H Ij c increases and goes to a maximum at 
T^ (272.0 + l.OE). Below T^^ the spread decreases becoming 
niniroum at T-j^ (about 203.0 + 10.0 K). Prom T-j^ downwards, the 
spread is found to increase again till T (IO3.O + 1.0 K). 

At T the spectrum collapses suddenly a.nd a new spectrum com- 
prising of many more lines appears. Pig. 3.9 shows the changesi 
in the spectrura aromid T^. The chn.nges in the spread around : 
T^ are sraall and these were noted directly from the fine dial 




H ► 

2 + 

Fig. 3.9 A comparision of the EPR spectra of Mn in 
Mg(a 04 ) 2 . 6 H 20 for Hllc 'around Tq (272K).The 
Increase in spread is marked by the dotted line 
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2 + 

angular variation, the nmnher of Mn conplexes and the prin- 
cipal axes remain the same from room temperature to 

Below the maximnn spread is not obtained for H parallel 
to c but at some angle from the c-axis in the b c_ plane. Thus 
the principal z-axis does not remain parallel to c. The hyper- 
fine lines are also seen to split in the spectrum along now 
z-axis. The splitting of the lines is less near T^^ but it 
increases as the temperature decreases and below about 130 K, 
there are seen six components of each hyperfine line. The 
z-axis also goes on moving away from c-axis as temperature 
falls and finally it is about 8° off the c-axis, fig. 3.13 
shows the splitting of high field lines at 121,5 K, The origin 
of these sextets appearing below T^^jis different from that of 
the triplet -splitting at room temperature because triplets 
start appearing after 10° or more rotation in the b c plane 
while the sextets are seen clearly in the new principal z-axis 
spectrum obtained approximately at 8° off the c-axis in the 
same plane. The angular variation study shows that the six 
split lines show a maximum for H along a direction making an 

angle 0 from the c-axis on one side in the b c plane and a 

similar spectrum is obtained at the same angle -0 in the sane 
plane on the other side of the c-axis. Thus there are two 

similar spectra in the b c plane at an angle of 2 0 from each 
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2 + 

other. These are attrihuted to the two Mn complexes having 
their principal z-axes inclined to the c-axis at angles 0 and 
- 0 in the b c plane. Since there is a six-line splitting, 
there should be six physically inequiv'leiit sites for Mn^"^ 
complexes. Such six sites exist in fact due to the crystal 
structure discussed previously in this chapter. There are 
three possible b c planes and thus there are six principal 
z-axis spectra, two in each b c plane. All the six principal 
axes are equally inclined to the jc-axis and each one gives rise 
to one line in the sextet. It is important to note that for 
H parallel to c, the six lines merge into one line and a 
thirty-line spectrum is observed which means that c is a common 

f 

symmetry axis of all the sites. 

New principal z-axis spectrvim q,1so appears to have the 

spectrum 

same behaviour with temperature as the / for H parallel 

to c. Fig. 3,14 shows the spectra at different temperatures 

between T^ and T^, with z-axis tilting continuously away from 

. c-axis. In Fig, 3,15, the fine structure tran, positions of 

the spectra along the principal z-axes from room temperature to 

T have been plotted against temperature. It may be conclu- 
o 

ded from all the above, data that MgPH exists in four phases 
from room temperature to liquid nitrogen temperature in the 
following way 



V 






e ; Lines correspond to M=-5/2- 


■3/2 


-3/2 -1/2 
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Fig.3.14 The ERR spectra of Mn in Mg(Cl 04 ) 2 . 6 H 20 for Hl|z 
, , at different temperatures between To and Tk.$ is 

the angle between c and e in the be plane 
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Ph.ase I 


Phase II 


R.T. « ^ ( 272 +ie:)< ; 

a, D 


Phase III 


Phase IT 


\ (203 ± 10 K)^ (103 ± 1 £)< =»!.¥. I. 


The Mossbauer study of the phase transition in 1,5 atom 
57 

percent Fe doped MgPH was first reported by Dezsi and 

Keszthelyi^^^^ x-rho found only one phase transition occurring 

in the range 113 E to 83 K. Thus they could detect roughly, 

only the third phase transition occuring at T in our case. 

o 

The transitions occuring at T^ and T-j^ could not be observed 
by Mossbauer study. 

The EPR spectrimi in phase IT (Fig, 3,10 )is very 
complex and different lines shoxf extrenura for different angles 
of rotation from the c-axis. For some lines, the spectrum 

O * 2 4- 

shows extremum at about 55 indicating that some Mn centres 
might have their principal axes parallel to H2O - H2O axes. 

Rotation of the Principal Axes ; 

The rotation of the principal z-axis relative to the 
c-axis in the b c plane is studied from T^ to T^. The angle 
of rotation of the principal z-axis from the c-axis in the 
b c plane near T^ is approximately 2°, 


It increases 
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piiase III, 0 shows Landau hehavioiur^^^^ 

« 

0 = 0^ + m’ (T^ - T)^ with 0^ = 1.70° and n' = 0.632. 
Temperature Variation of L s 

fig. 3.17 shows the temperature variation of D from room 
temperature to near T . From room teraperature to T_ in the 

C B* 

phase I, L shows a variation of the type^^^^ 

D = (1 + aT + pT^) 

with = 201.40 &, a = -9.20 x 10“^/K, 

p = +7.50 X io“®/e:^ 

This is due to the trigonal static distortion of Mn(ll 20 )g'*^ 
complex increasing with the decrease in temperature on accoun 
-of lattice contraction. However, the contribution to D from 
the lattice vibrations^ should not be overlooked. It may 
appear in the form 6 coth (hw/k T), where 6 is a constant and 
is the frequency of the impurity rescrar-t vibration coupling 
to D but in the small region of study, it is difficult to 
access the exact contribution of this term. 

In the phase II near T„ , D is found to vary in the 

a. 1 

following form ! 

t 

“ = “a + \ (Ta - ^ ^ \ 

where = 152.50 G, K = 0.639, p = l/3 ! 

d 3, 




(ssnoD U!) a 


Fig. 3.17 TeTTiperature variation of D in Mg (0104)2*6 H2O : Mn system. 
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D shows the critical heha-viour as expected frori the 
variation of 0 in this region. 0 varies as (T - 'll) ‘ ^ and 

Cv 

D varies^^^^ as 0^, thus D shoLild vary as 

In the region around T-j^, D follows an unexpected "behaviour 
expressed by 

D = ^'^b *“ ^ ^ '^b well as for T > 

where = 146,00 0, IC^ = 7.472 x 10"^ p = 1 

This indicates that the variation of 0 should be linear in , 

this region. More experimental observations are needed to 
explain the trend of 0 in the vicinity of T-j^. 

In the phase III, in the region away from T-j^, the variation 
of D is guessed from the variation of 0 and it is found to vary ‘ 
as 

D = (T^ - T) for T < T^ ' 

with constants D-j^ ' = 141.50 G, ’ = 0.1384, P = t 

1 

Thus it shows landau behaviour. 

I 

The variation of 0 and D with temperature in the phase III,; 

away from the transition point T-j^, fits with soft mode theory 

or the microscopic theory (for structural phase transition) 

(52) 

in the meanfield approximation^ \ In the critical region i 
below T„ also, the fitting is similar to that in SrTiO^ or 
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laAlO^. Therefore, it is concluded that the structural 
phase transitions occuring at T^^ and T-j^ are of the second 
order type and similar to those occixring in SrTiO^*'^'^*^^^ » 
laAlO^^'^'^^'^^^ and fluoperovBkites''^®^ There may be -unstable 
soft phonon nodes associated 'vj-ith iln JT20)5 complex that 
condense at T„ a,nd T-, giving rise to these transitions. 
Accordingl3r it may also be ass-umed that there are rotations 
of the I€n’^(H20)g octahedra in t-wo opposite directions by the 
sane amount about the crj^stallographic a~axis (Fig. 3 , 3 ) in 
the tenperat-ure range T^ to T^. 

It is important to consider the effect of perchlorate ions 
also on all tho above phase transitions. The internal dis- 
order of these ions or the changes in their orientations may 
change the environment of the Mn"^"^ directly or thro-ugh a re- 
arrangement of -water molecules. Such possibilities have been 
suggested by some workers^ 

The present BPP. results cannot decide exactly how the 
environment around lin'^'^ is chajiging during the temperature 
variation. It is only after the first order phase transition 
at T^ that the symmetry of (E20)g probably becomes tetra- 

gona.1. Further investigations are needed to determine the 
site ssrnm'ietry after each phase transition. X-ray studies as a 
function of temperature wp-uld be of considerable help. The 
temperature T^ should also be confirmed by specific heat 


measurement s . 
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CHAPTER lY 


BLBCTROF PARAMAGNETIC RBSOHAMCB STUDY OP 
DOPED ZINC PERCHLORATE HBXiiHYDRlTB 

Abstract 

An EPR study of Mn^"^ doped Zn(C 104 ) 2 * 6 H 20 has been made 
from room temperature to the liquid nitrogen temperature. 

The crystal structure of this host is similar to that of 
MgPH at room temperature. ¥e find that Mn^^ goes at sites of 
trigonal sji^nmetry replacing Zn . Hyperfine forbidden transi- 
tions are observed for H off the crystallographic c— axis. 

The observed linewidths show normal concentration dependence* 
The temperature variation study indicates a probable structu- 
ral phase transition at 284 + 2E!, No other phase transition 
seems to occur down to 77 ^, the lowest temperature attainable 
in the present study. 
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Introduction s 

The BPR study of Zn(G10^)2.6H20 system at room 

temperature was first reported by Fritz and Yamus^^^ in 

1968 for the experimental arrangement in which the static 

magnetic field H was kept parallel to the microwave magnetic 

field and also for the case in which H was perpendicular to 

it. Their main interest was to compare the results obtained 

from these two configurations and to observe the forbidden 

transitions (AM = + 1 , Am = + 1 ) in the parallel field case 

because the selection rules forbidding these transitions 

(2) 

break in this arrangement' \ In the present work, the forbi- 
dden transitions have been observed at room temperature in 
the perpendicular field case and the BPR study has been exten- 
ded from room temperature to liquid nitrogen temperature. A 
probable structural phase transition is suspected in 
Zn( 010^)2.61120 at 284 + 2 I£. 

Crystal Structure and Grystal G-rowth i 

The crystal structure of Zn( 010 ^) 2 .61120 (to be called 
as ZnPH in the following text) is essentially the sane as 
that of Mg(C10^)2.6H20. The dimensions'"^'^ of the orthor- 
hombic pseudohexagonal unit cell are 

0 o 

a = 7.76 A , c = 5.20 A 
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For the preparation of compound, the crystal growing and the 
EPR study, the procedure described in Chapter III is 
followed. The crystals obtained are siiailar to those of 
magnesium perchlorate hezaiiydrate (MgPH). 

Results and Discussion : 

An allowed (AM=+1, Am=0) 30 line EPR spectrum of 

2 + 

Mn in ZnPH for H parallel to c is observed at room tempera- 
ture, It is shown in Pig. 4.1. The angular variation of this 
spectrum in the a c plane is shorn in Pig. 4.2 where the 
fine structuho transition _ positions have been plotted 
along with the theoretical curves. 

The ang\ilar vai-iation of the spectrum in the a b plane 
shows that the spectruiii is nearly axially symmetric. 

Prom these observations, it is concluded that as in 

2 + 2 + 

MgPH, here also the Mn substitutes for Zn inside a trigo- 

nally stretched water octahedron and gives an allowed 30“line 

spectrum for H along c at room temperature. However, in this 

system no triplet splittings of the lines are observed in 

angular variation of the spectrum in the a c plane. Proba- 

2 + 

bly the effect of the Zn neighbours beyond water-perchlora- 

2+ 

tes is much less compared to that in the MgPH. In MgPH, Mg 

o' 2 + 

has much smaller ionic radius (0,65 A) than that of Mn 
(0.80 A), while in ZnPH, Zn^ has ionic radius (0.74 A) 



(3328, 4G) 









110 


o 2 + 

which. is not as snail as 0.65 A. Thus, I4n in the former 

2+ 2 + 

case will he more affected hy Mg ion t’-'an Zn in the latter 
case and therefore in the present system three sites will he 
almost equivalent and the lines do not split. As the pngular 
variation of the spectruii in the a c plane is described by 
the spin -Hamiltonian given by Bq, 3.1» the spin-Hajniltonian 
pa.raneters have been calculated using Bqs. 3.4, 3.5 and 3.8 
and the values obtained are 

gj^ = 2.0026 + 0.0010 g_L = 2.0005 ± 0.0010 

D = 125.50 + 1.0 a (a-B) = 10.2 + 1.0 G 

A = 93.30 + 1.0 G B = -93.9 ± 2.0 G 

where the signs of the parameters are relative. These values 
agree with those obtained by Fritz and Tarnus^^\ 

2 + 

linewidths in the BPR spectrum of Mn in the ZnPH for 

H along c. at room temperature are found to increases with the 

increase in the impurity concentration. Also the BPR lines 

in the central hyperfine sextet have smaller widths than 

those of the outer sextets. These observations a.re similar 

2 + 

to those in the MgPH:Mn system and thus have an identical 
explanation. 
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The hyperfine forbidden transitions are observed between 
the lines of the central hyperfine sextet when the nagnetio 
field H is off the c-axis. These are shown in Fig, 4.3 for 
H at 30° from the c-axis in the a c plane and are produced due 
to a second order nixing of A n-jith D and a. Using Eq. 3.9 
and the doublet separation in the spectrun for H at 30° fronbhe 
c-axis, the value of Q' and ^ are calculated and are found as 

Q' = - 0,011 & 

^n p. Tn“3 

= 0.36 X 10 

Temperature Variation a,nd Structural Phase Transition Studies s 

For the temperature variation study with a view to inves- 
tigate any possible phase transition in this crystal, the method 
described in Chapter III is followed. The crystal is mounted 
such that it can be rotated in the b c plane for the reasons 
already pointed out in that chapter. The spectrum for H 
parallel to c has been studied from room temperature to liquid 
nitrogen temperature. The changes in the spread of the 
spectrun with the temperature are found to be very sraall. 

As the temperature is lowsred, the spread of the hyperfine 
spectrum increases very slowly and probably some rearrangement 
takes place at 284.0 + 2, OK in the lattice because below 
this temperature, the lineshape distorts. The distortion in 



DPPH 
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tile line shape becoEies nore and nore with further decrease 
in temperature. Fig. 4.4 shows a conp^^rison of the EPR 
spectra recorded at various temperatures for H p,a,rallel to c. 

Hyperfine forbidden transitions between the central 
group of the allowed lines also appear at lower temperatures 
as seen from Fig. 4.4(d). These also indicate some internal 
rearrangement an the lattice. 

From line shape distortion and appearance of hyperfine 
forbidden transitions, a probable phase transition seems to 
occur at 284 + 2K, KTo other phase transition has been 
detected between room temperature to liquid nitrogen tempera- 
ture. The mechanism of the probable pJiase transition occur- 
ing at 284.0 + 2, OK in this system cannot be guessed from 
the present study. 
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CHAPTER Y 


BLECTROH PARAI^IAGlfETIC RBSOHAl^OE STUDY OF DOPED 

CADMIUM perchlorate ESXAHIDRATE 

Abstract 

Electron paramagnetic resonance of Mn^'*’ doped in 

Cd(G10^)2 . 6H2O studied from room temperat-ure to 

liquid nitrogen temperature. The site symmetry of Cd^"*" is 

trigonal with a water octahedron stretched parallel to crysta- 

2 4- 24- 

llographic c-axis, Itn substitutes for Cd and exhibits 
characteristic 50~line hyperfine spectriim at room temperature 
for the magnetic field H along the c-axis. D paramater is 
small and therefore» there is considerable overlapping of 
lines in the spectrum. The .spectrum is axially symmetric. 

On lowering the temperature, phase tra3isitions are found to 
occur at 272 + 12, 259 + 22 and 115.5 ± l.OK. The transitions 
occuring at 272 + 12 and 259 + 22 seem to be of the second 
order while the one at 115,5 + 1,02 is of the first order. 

The D parameter has been determined experimentally and 
fitted with theoretical expressions. 
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Introductions 

2 + 

TliG electron parana-^net ic resonance study of Mn has 
lo^n made in different eonpoimds of cadniua such as CdS^^\ 
CdTe^^^ yOdSe^^^ etc. hut in the literature, there seems to 
he no information obtained about cadmium perchlorate 
hexahydrate Gd(010^)2.6H20 single crystals by EPR or any 
other method except the crystal structure determination 

2 + 

at room temperature by ¥est in 1935. The EPR study of Mn 
doped Cd(010^)2»6H20 is presented for the first time in this 
work. 

G^ystal structure: 

The crystal structure of Cd( 010^)2.61120 [hereafter to be 

referred as OdPHjwas determined by hest^^^^ in 1935 and it is 

slightly different from the structure of Mg(C10^ )2.6l-l20 

(referred to earlier as MgPH) at room temperature. The 

atoms in MgPH are arranged in an orthorhombic unit cell 

7 

with space group 0^^ but in CdPH they aro arranged in a 
trigonal unit cell with space group 0^^ as shown in Pig. 5.1. 
However, hexagonal units of the two structures are related. 

In Pig. 5.1, the whole of unit shown is hexagonal unit. 

Each Od is surrounded by a water octahedron stretched 



5 



. 2 +, 


© Cd*' (height c/4) 

A ClO^(Cl at heights 0, c/2) 


*ig.5.1 Schematic structure of Cd (C 104 ) 2 . 6 H 20 , projected 
on basal plane. Triangles in two different orientations 
are CIO 4 tetrahedrons at two different heights. Unit 

cell is outlined by dotted lines. Water molecules are 
not shown. 
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along the crystallographic c-axis or the prism axis. The 
site symmetry is trigonal. The dimensions of the unit cell 
of CdPH are 


o 0 

a = 7.96 A, c = 5.30 A 


Experimental z 

Eor the preparation of the compound CdPH, the crystal 
growing and the BPR study, the procedure followed is the 
same as in Chapter III. The crystals of CdPH grow in the 
form of hexagonal prisms with clear end faces, c-axis being' 
the prism axis. The crystals are very hygroscopic and were 
therefore coated X'fith a mixture of petroleum jelly and 
paraffin oil before proceeding for the EPR study. 

Results and Discussion : 

The EPR study of doped CdPII at room temperature has 

been made with H in the a c and a b plane. For the magnetic 
field H parallel to the prism axis c, this system exhibits 
a spectrum of 30 allowed ( AM = +1, Am = 0) hyperfine 
lines, with a considerable overlapping probably due to a 
smaller value of D, The spectrum is shown in Fig. 5.2. 

Angular variation of the spectrum in the a c plane 
shows that the maximum spread for H parallel to c decreases 
when H is off from the c-axis on either side and goes to a 
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minimum. It attains a secondary maximum again for H perpen“ 
dicular c i.e. H parallel to a. The angular variation of the 
fine structure 'fe3?an, positions is shovn in Fig. 5.3 where con- 
tinuous lines represent the theoretical cuives. The angular 
variation of the spectrum in the a h plane shows no changes 
in the spectrum and its spread remains constant with in the 
experimental error. 

2 + 

From the above study, we conclude that Itn goes substitu- 

2 + 

tionally replacing Gd in the GdPH lattice and thus sits 
at the site of trigonal S 3 nnmetry with distorted water octa- 
hedron. The principal z-axis is parallel to c. The stret- 
ching of the water octahedra is less as compared to that in 
magnesitun and zinc perchlorate hexahydrates. This system may 
be considered as a good axial system. The angular variation 
of the spectrum nay be represented by the spin-Haaniltonian 
described in Chapter III (Bq,3.l). 

The spin-Hamiltonian parameters have been calculated us3n.g 
Bqs. 3.4, 3.5 and 3.8 of Chapter III and values obtained are 

gjj = 2.0012 + 0.0010, gj_ = 1.9999 + 0.0010,* D = 47.8 + l.OG 
A = -92.7 ± l.OG , B = -93.9 + 2.0&,* ^a-F) = 6.7 + l.OG 

Concentration dependent line broadening has been observed 
in this system also. However, it has not been possible to 
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observe the behaviour of the lines of different hyperfine 
groups due to overlapping, 

TEI4PERATURB VAhlATIOK SfUlI AFl STRUGIHRAL PHASE TR/ITSITIOITS 

The experimental arrangement is kept such that the 

2 + 

magnetic field H is applied in the b c plane of the Mn doped 
CdPH crystal and the crystal is rotated about a-axis. The 
temperature variation study of the spectrum for H parallel 
to c is made from 328 K to the liquid nitrogen temperature. 

The study is also made in the a b plane by keeping the crystal 
axis perpendicular to the field such that the crystal is rota- 
ted about c-axis. If the crystal is dipped in liquid nitrogen 
it gets completely shattered. Therefore it has to be cooled 
very slowly diiring the temperature variation study. As the 
temperature is lowered, the spread of the spectrum decreases 
gradually. At the temperature T^^ (272 + 1 K) , a sudden change 
in the spectrum is observed on the oscilloscope. The spectrum 
disappears in a short time and a new spectrum with larger spread 
appears. Eisappearance and appearance are clearly observed 
on the oscilloscope. This indicates that a phase transition 
has occured at the temperature T„ , After the phase transition 
is complete, the EPR lines in the spectrum at 271 K are much 
more resolved as compared to those in the room temperature 
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spectrum (3?ig. 5.2), Fig. 5.4 shows the spectrum at this 
temperature. The change in the spectrum is not so sudden 
that it may he considered as due to a first order phase 
transition. 

The angular variation of the spectrum around 271 K in 
the h _c plane shows that this spectrum also has a maximum 
spread for H parallel to c which means that the principal 
z-axis is the same after the pha,se transition. The angular 
variation study in the a h plane shows that the spectrum is 
axially symm et r i c . 

After the first transition, the spread of the spectrum 
increases very slowly in the small temperature range till T^ 

(259 + 2 Z) , It appears that some sort of rearrangement takes 
place in the lattice very slowly and it is complete at T-i^. 

Thus T-j^ may also he called a phase transition temperature, the 
order of the phase transition being second or higher. The 
principal axes and sites remain unchanged in this range. 

Below T^, the decrease in temperature results in a decrease 
of the spread. The spread keeps on decreasing continuously 
till at T (115.5 +1,0 Z) a third phase transition occurs. 

This transition is of the first order. An entirely different 
spectrum appears after this phase transition. From T-j^ to T^, 
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again tlie principal z-axis is fo’ond to be parallel to c and 
spectrum remains axially symmetric in the a b plane. 

After the third phase transition i.e. below T , the 
angular variation in b _c plane shows that there are several 
extrema. These may correspond to different sites for 
in the lattice. One relatively ijell re solved spectrum with 
extremum is found for H at 11° from the c-axis. It is shorn 
in fig. 5.5. Another spectrum with extremum is found for H 
approximately 54° from the c-axis. The spectra are quite 
complex and indicate that there are several sites for Mn^'*'. 

The principal axes of the different sites are oriented in 
different directions. 

fig. 5.6 shows the variation of fine structure transition 
positions for H parallel to c with temperature. Three transi- 
tion temperatures are indicated in the figure. The spectra in 
the three different phases for H parallel to c are shown in 
Fig. 5.7 for comparison. 

Temperature 7a,fiation of D : 

From room temperature to liquid nitrogen temperature the 
OdPH is found to exist in the following phases 



CM 







Fig. 5.6 Temperatijre: varjafton of fine structure tran. positions in the EPR spectrum of Mh 
Cd (0^04)2 ^ 







Fig. 5.7 EPR spectra of Mn^'^ in Cd (0104)^ . 6 H^O with 

H!lc in three different phases. 
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Phase I 

R.T.< 


> (272 i 1 s;)<- 


Phase II 

I, 


Phase III 


113(259 + 2K) ^ 


1^(115.5 + IK) ^ 

G 


Phase 


The Tariatiorx of D with temperature in the phases I, II 
and III is shown in Pig. 5.8. In the phase I, the temperature 
variation of P is fitted to 

D = Dq (1 + al + pl^) 

with values of the constants as = -36.3 &, a = -7.675 x 10 
P = + 3.6275 X lO^^/K^, and the continuous line in Pig. 5.8 
in phase I represents this fitted curve. This represents 
the thermal contraction of the lattice in which the distortion 
changes in such a way that D decreases, the lattice prepares 
itself slowly for the first pha,se transition occuring at T^^. 

In the small region of phase II, D is seen to increase 
slowly with temperature till Ti^ at which the second or highe 
order transition is already proposed. In this region no 
theoretical curve fitting is done. In the phase III, however,, 
D fits with the relation 


D = + m (Ti^ - T) 






131 


with constants D-^ = 84.6 &, m = -3.1235 x 10“^G/Z, = 259E. 

( 3 ) 

This expresses the landau behaviour^ ^ which indicates that 
the phase transition at T-j^ is associated with some order 
parameter "va-rying as (T-^^ - T)^ a,ncl representing a second order 
transition. In phase lY, the D value for the spectrum at 11^ 
off from the c— axis is determined assuming that the spin- 
Hamiltonian given by Eq. 3.1 holds for this and Eqs. 3.4, 3.5 
and 3.8 may be used. It is six: times larger than the value 
at room temperature. 

The temperature variation stn.dy of the spectrtma and the 
spin-Hamiltonian parameter 1, thus show that a first order 
structural phase transition seems to occur at T^, a second 
order phase transition at T-j^ and another second order phase 
transition at T^^, In transition from phase I to phase II at 
T„ , CdPH crystal transforms probably to a symmetry group 

O/ 

closely related to Then in the phase II, some slight 

rearrangement takes place and it is complete at T-j^, The 
resulting symmetry in phase III then continues till T where 
a first order phase transition brings it from phase III to 
phase lY which has a different symmetry. 

The mechanisms of phase transitions in this system are | 
difficialt to understand with the present experimental 
findings. The confirmation of transition temperature T-j^ is 
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needed and it nay be done by specific heat measurenents, 

The site symmetry determination in different phases needs 
fiorther experimental study by x-rays. 

RSFERSTCSS 

1, a) Title R, S, , The Physics and Chemistry of II-IY Gompomids, 

(Ed._,Aven M. and Prener J.S.), Wiley I.T., Chap. 6 (19S7) 

b) Wagner G.R, , Murphy J. , and Castle J . G. , Phys. Rev, 

B8, 3103 (1973). 

c) Kiel A, and Mims W.B., Plays, Rev, B^, 803 (1972), 

d) Bottcher R, and Dziesiaty J, , Phys. Stat. Solid! 31 > 

K71 (1969). 

2, a) Kikuchi G. , and Azarbayejani G.H,, J. Phys. Soc. Jap, 

17, B-I, 453 (1962). 

b) Woodbury H.H,, and Ludwig G.W., Bull, Am. Phys. Soc. 6_, 
118 (1961). 

3, a) Title R.S., Phys. Rev. 130 . 17 (1963). 

b) Bottcher R., and Dziesiaty J. , Phys. Stat. Solid! 

K71 (1969). 

4, West C.D., Z, Kristall, 91A . 480 (1935). 

5, See reference 49 in Chapter III. 



CHAPTER VI 


ELBCTROH PARAMAG-HETIC RESOHAHCE STUDY CP DOPED 

IROH, COBALT Al\rD RIG EEL PERCHLORATE HEXii-HDRATES 

Abstract 

mi^'^ doped Fe(C 10 ^) 2 . 6 H 2 O, Go (CIO^ ) 2 . 6 H 2 O and 
Ri(G 10 ^) 2 . 6 H 20 crystals have been studied by EPR at room 
temperature. iJLl the crystals have the same structure as 
that of Mg(010^ ) 2 . 6 H 20 and occupies the site of trigonal 

symmetry in them. The EPR lines 8 ,re broad and D parameters 
are small j so there is overlapping of lines and the spectra 
are not well resolved. All the three spectra are axially 
symmetric, A temperature variation study also has been 
carried out from room temperature to liquid nitrogen tempera- 
ture. It indicates, in addition to the already observed phase 
transitions (at 237 + 5 K, 154.5 + 65 K and 223 + 5 K for 
iron, cobalt and nickel perchlorate hexhydrates respectively), 
one new probable structural change in Co(C 10 ^) 2 « 6 H 20 at 
245 ± 5 E and an Ri(C10^)2.6H20 at 247 ± 5 E. The principal 
axes are found to turn off from the room temperature position 
after the phase transition at 237 + 5 E in iron perchlorate 
and at 154.5 + 6,5 E in cobalt perchlorate hexahydrat es. 

The present study throws some light on the structural changes 
occuring at phase transitions, but the exact nature of these 
transitions is not yet fully understood. 
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Introduction i 

Th.e electron paramagnetic resonance stLidy of paramagnetic 

ions doped as impurity in diamagnetic crystal lattices gives 

information about the impurity ion as woll as about tlie 

diamagnetic lattice. It has been possible to obtain the 

information about some of the paramagnetic crystal lattices 

also if they are used as hosts in place of diamagnetic ones. 

(l 2) 

The paramagnetic host ions normally have short ^ spxn- 

lattice relaxation times at room temperature so that the 

EPR lines of these ions are too broad to be observed at 

this temperature and some other para.magnetic impurity doped 

in such hosts may show its own spectrum. Such host ions are 

Ti^’’’, Pe^'*', and Co^"^ in the iron group and rare earth 

ions excluding G-d^'*', and Su^"^. The paraniagnetic host lattices 

with these ions doped with different impurities have been 

(5) 

studied by several workers' , 

In addition, there are other paramagnetic host ions 

C 2) 

which have large zero field splitting^ in the ground state 

and thus the microx-Tave radiation does not produce transitions 

among the split levels at moderate fields. The crystal 

.2 + 

lattices of compounds of such ions such a.s Hi are also 
studied by doping in them some suitable impurity ion as 
a probe. 
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Tlie present chapter deals with the EPR study of Mn'"'*' 
doped single crystals of Pe, Co and Hi perchlorate hexahy- 
drates. The tin acts as a probe to deternine the site 
symmetry, the crystal field strength and phase transition 
temperatures. The effect of paramagnetic ions of a host 

2 u 

on the EPR of tin is reflected in the spectrum. The 
Mb'ssbauer effect study^^’^^ and the susceptibility measure- 
ments^^”^^ have been made on all these perchlorates. 

Crystal Structure : 

Iron, coba,lt, nickel and manganese perchlorate hexahy- 
drates, (henceforth to be referred to as EePH, CoPH, NiPH 
and MnPH) are isomorphous to MgPH and thus possess the cry- 
stal structure discussedin Chapter III. The dimensions^^^^ 
of the orthorhombic pseudohexagonal ‘unit cells are given 
below in Table 6.1 

Table 6.1 Dimensions of Unit Cells. 


Crystal Lattice 

^ — 

a (^) 

c (A) 

EePH 

7.79 

5.24 

CoPH 

7.76 

5.20 

HiPE 

7.73 

5.17 

MnPH 

7.85 

5.30 
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The ions of Oo^"^, and Mn^"*" are situated at 

sites of trigonal synnetry formed hy the water octahedra 
stretched along the crystallographic c-a3:is. easily 

substitutes for Pe^"^, Co^'^ and Ni^'*' as inpurity in PePH, 

OoPH and ITiPH. 

Sxperinental i 

The PePH is prepared hy dissolving AR grade iron powder 
in. dilute perchloric acid in vacuum while CoPH, ITiPH a,nd 
MnPH are prepared from their carbonates dissolved in dilute 
perchloric acid. The crystallization of the compounds in 
solutions is done at room temperature in a desiccator 
containing concentrated sulphuric acid. A solution is pre- 
pared from the crystalline solid separated after the previous 
crystallization, and desired impurity (MnPH) is added to it.- 
Recrystallization gives good crystals which grow in the 
form of hexagonal needles' similar to MgPH. 

The EPR study and the temperature variation are done 
in the manner followed in Chapter III. All the crystals 
are hygroscopic and are protected from air exposure by 
coating with a 1:1 mixture of petroleum jelly and paraffin 
oil before mounting them for EPR study. 
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Results and Discussion ; 

The EPR study of the crystals of PePH, GoPH and RiPH 
2 + 

doped with Mn exhibits allowed hyperfine structure for mag- 
netic field H parallel to £ at the room temperature. The lines 
are broad and there is a considerable overlapping, therefore 
30 lines of the structure are not well resolved. Figs. 6.l(a)j 
6.1(b) and 6, 1(c) show the spectra of Mn^"*” in FePH, OoPH 
and RiPH for the magnetic field H along the c-azis of the 
crystals. 

The angular variation of the spectra in the a c plane 

2 + 

shows a behaviour similar to that for ]VIn in MgPII, ZnPH 
and ■ CdPH reported in earlier chapters, and Figs. 6.2(a), 
6.2(b) and 6, 2(c) show the angular variation in FePH, OoPH 
and RiPH hosts at room temperature in the a o plane. 

The angular variation in the a b plane shows up almost ' 
no appreciable change in the spread of the spectra, and any ■ 
observed changes are well within the experimental error. 

The above observations are consistent with the crystal ' 

I 

structure studies for the divalent cation site, hence it can 
be concluded that Mn^"^ substitutes for Fe^"^, Co^'*' and Ri^"*" | 

respectively at the sites of trigonal ^mmetry and gives 

I 

rise to the thirty ~line spectra. 















1800a 



►Angle 6 (in degrees) 

Fig. 6 . 2 (c) Angular variation of fine $trLK:tur?fr6n.positions in gc plane in 
the EPR spectrum of Mn^^ in Ni (0104)2 -6^120. 
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2 + 

The angular variation of Mn spectra in these crystals 
can be described by a spin-Haniltonian for trigonal symnetry 
given in Chapter III, All the spectra are thus analysed 
using Eqs. 3.4, 5.5 and 3.8, and the spin-Haniltonian para- 
meters obtained are listed below in Table 6.2. 

Table 6.2 Spin-Hamiltonian Parameters in PePH^CoPH 

and IfiPH 


S^ystem 

J 


D 

(gauss) 

(a-P) 

(gauss) 

A 

(gauss) 

B 

(gauss 

PePH;Mn^'^ 

2.0040 

1.9993 

121.2 

± 

2.0 

14.1 

+ 2.0 

-94.5 


3.0 

94.6+5 


+.0020 

+.0020 










CoPH:Mn^'^ 

2.0026 

1,9996 

117.6 

± 

2.0 

13.5 

+ 2.0 

-93.7 

+ 

3.0 

93.7+5 


+.0020 

+.0020 










HiPH;Mn^'^ 

2.0026 

1.9987 

117.0 

± 

2.0 

11.0 

+ 2.0 

-93.0 


3.0 

93.7±5 


±.0020 

+.0020 











A comparision of the parameters in Table 6.2 shows that the 
coordination of the water octahedron around the divalent ion is 
same in these compounds and they are stretched in identical 
manner , 

2+ 2+ 

The effect of the paramagnetic host ions Pe , Co and 
2 + 2 + 

Hi on the EPR spectrum of Mn is reflected in the linewidths 

of the resonance lines which are found much larger compared to 

2+ 

the linewidths of the resonance lines of Mn 


in the diamagnetic 
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iiosts MgPH, ZnPH and OdPH. Due to overlap of many lines of 
Mn^"** in paramagnetic hosts, the linewidths of only a few lines 
of the groups + 5/2 ;=± + 3/2 could he measured and compared 
■with those in the diamagnetic hosts. Table 6.3 sho'ws a com— 
parision of the linewidths measured from the spectra of Mn^"^ 
for H along the c-axis at room temperature. 


Table 6.3 -1 Gomparision of linewidths in Diamagnetic and 

Paramagnetic hosts 


Mn^'^ in 

M = + 5/2^ 
linewidths 

3/2 

in gauss 

-3/2 ^ 
linewidths 

-5/2 

in gauss 

MgPH 

13 , 

13 

13 

13 

ZnPH 

20 » 

18 

17 » 

17 

CdPH 

18 


18 


FePH 

47 , 

36 

43 

53 

CoPH 

37 ^ 

37 

36 > 

36 

HiPH 

46 » 

36 

45 

50 


2 + 

larger linewidths of Mn resonance lines have been 
observed by Sara swat and Upreti'' ^ also in cobalt and nickel 
acetate tetrahydrate single^ crystals and have been attributed 
to the magnetic interactions between Mn and respective host 
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paramagnetic ions. The same explanation liolds for the obser- 
ved large linewidths in the present study as well. 

From the linewidths of the foxir lines of + 5/2 5/2 

groups^it is not possible to predict exactly the behaviour of 
the lines of the remaining groups (+ 3/2 l/2) and 

( 1 / 2 ^ - 1 / 2 ). 

TMIPBRATIIRE YARIATIOl ARD STSIKTURAl PHASE TRANSITION STDElBS 

No resonance lines of the paramagnetic host ions seem to 
appear in the range 320 E to 80 K of temperature variation 
study . 

The linewidths of resonance lines in paramagnetic 

hosts are large and are found to increase with the decrease 
in temperature, therefore, it becomes difficult to make accu- 
rate quantitative measurements, as the temperature is decrea- 
sed. It is possible, however, to obtain some useful infor- 
mation about the hosts. Therefore, a temiJere.ture variation 
study of the Hn^"^ doped FePII, CoPH and NiPH is made from 
room temperature to the liquid nitrogen temperature in the 
manner described in Chapter III. 

Spectra for magnetic field H along c • 

At room temperature, for H along c, 30-line hyperfine 
spectra are observed for Mn^"^ in all the three paramagnetic 
host lattices. As the temperature is lowered, it is 
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oisGrred that the fine structure spread of the spectra 

i.n FePH and CoPH increases very slowly and in CoPH it shows a 
Eiaxim-um at 245 + 5 E. In MPH, the spread decreases conti- 
guously and shows a change in slope at 247 + 5 K. These tem- 
perature are indicated by T^-j^ in Pigs. 6, 3(b) and 6, 3(c), 

Some structural change in CoPII and hiPH seems to occur at 
"these temperatures but this is not confirmed, because it is 
hot possible to observe the changes in the spectrum other than 
"those in the spread and even the changes in the spread are 
^mall. These structural changes can be confirmed by some other 
Studies like specific heat measurement, x-ray etc. 

As the temperature goes down further, the spread decreases 
oontinuously in CoPH and HiPH but in PePH it remains almost 
constant and lines become broader. The phase transitions 
already reported (by Mossbauer study and susceptibility measu— i 
bements) appear to start at temperatures T^ (242 K for PePH 
161 K for CoPH and 223 K for lliPH) and are nearly complete at 
temperature T^ (232 E for PePH, 148 E for CoPH), It is judged : 
from the fact that at T 2 , the fine structure disappears and 
only a merged, sioectrum is observed, d.ue to the fact that 

i 

this spectrum is at about 55° from its principal z-axis and 
contribution of the D term vanishes leaving only hyperfine 
structure. The temperature T 2 could not be found for HiPH 
Upto the liquid nitrogen temperature and this shows that the 






300 290 280 . 270 260 250 240 230 220 210 200 190 

— ^ Temperature ( K ) 

Fig.6*3fci) Temperature varteftion of fine structure tron.positions in the EPR spectrum of Mn 
in Fe(GlQ^) 2 * 6 H 2 p crystal for H||c. 


-position (in gauss) w.r4 . DPPH 







iOOr- (M =-3/2-^ -5/2) 
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Fig.6*3(ciTemperature variation of fine structure tran. positions in the EPR spectrum 
of: Hn* in Ni(C 104 ) 2 - 6 H 20 crystal for H||c. 
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natiore of the transition in this system is different from 
those in the other two hosts. Both the phases I and II in 
PePH, and I-j^ and II in OoPH coexist in the range to !£? 
while in hiPH probably I 2 below liquid nitrogen temperature 
and the phases I-j^ and II coexist till there, Buch a coexisten- 
ce has been reported by Dezsi I. et The transi- 

tion temperatures for these phase transitions are compared 
below (Table 6,4) with those obtained by other studies. 

Table 6.4 A comparision of Phase Transition Temperature* 


System 

Present study 

M6 ssbauer study ^ ^ 

Sus c ep t ibility ^ ^ ^ 
Measurement 

PePH.'Mn^'*' 

237 + 5 K 

237 + 15 E 

237 ± 1 E 

CoPHJiyCtt^'^ 

154.5 ± 6.5 

E 155.5 ± 7.5 E 

166 + 1 E 

RiPHsMn^'^ 

223 + 5 E 

83 E 

225 + 1 E 


The transition temperatures in PePH and NiPH obtained in the 
present study agree with those obtained in the susceptibility 
measurements while in CoPH it agrees with that found in 
MSssbauer study. The differences are probably due to 
presence of impurity ions in EPR' and Massbauer studies. The 
slow conversion from phase I to phase II indicates that the 
phase transition is of the order higher than one. Transition 
temperature, 83 K, reported by Mossbauer study is probably 
temperature T 2 for MiPH, 
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Aiigiilar Va.riation ; 

The aiifgula-r variation in the b c plane shOT-rs that in all 
the systems^ the nature of the spectra and the principal axes 
remain same from room temperature to T^, though the spreads 
change and lines become broad. Below T^ the changes observed 
ax’s discussed separately for each host, 

Big, 6.4 shows the BPR spectra of I1r3'^ in BePII at 
different temperatures for the magnetic field H parallel to 
_c. In the phase II, spectra as shown in Pig. 6,4{b), (c), 
(d) are observed. The angular variation of these spectra in 
the b c plane shows an extremum (a broad peak with some stru- 
cture) for H about 56 ° off the c-axis (Pig. 6.5) on one 
side and other broader extremum on the otheraide of the c—axis 
for H about 54° off. This indicates clearly that the prin- 
cipal axes have changed their orientation in such a way that 
c.-axis is the axis of minimum spread at about 54° from the 

new principal z-axis. Identical changes must take place in 

2 + 

the other two possible b c planes just as in the MgPH:Mh 
system and the ^-axis is still found to be the cojmnon axis of 
symmetry for all the complexes formed, 

24 - 

Pigs. 6.6(a) and 6.6(b) show the spectra, of I«In in 
CoPH for H II c at room temperature and in phs,se II at 
145.5 E. The ang\ilar variation of the spectrum shown in 




EPF? spectra of Mn^*in Fe(CIQ4)2-6H20 
nils, n't different temperatures. 



Fig. 6 . 5 , The EPR spectrum of Mn^* in Fe (€104)2 ■6H2O at 187 K 
with (a) Hlfc shov^g q minimum spread, (b) With H about 

be planeithe spectrum shows an 

..;' ''/'''/''’.extremum. 
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rig. 6.6(1) in the 1 c plane shoifs an extremum for H at about 
54° from the c-axis (f'ig. 6, 6(c)) and another for H about 
56° from the c-axis (Fig.6,6(d)onotherBide of the ^-axis.' 

Thus these two extrema, are 90° off from each other. Therefore, 
in this system also the principal axes are t'urned off from 
those at room temperature. The same results will be obtained 
for the other two possible b c planes. 

Fig. 6.7(a) shows the EPR spectrum of Mn^^ in ITiPH for H 
along c at 109 K. There appears to be some structure though 
not observable clearly due to broader lines and overlap. The 
angular variation of this spectrum in the b c plane shows a 
minimum for H at o-bout 54° off from the c-axis(Ftg, 6.7(b)) and 
this behaviour is identical to that at room temperature at 
which the spectrum for H along c goes to a minimm when magne- 
tic field H is brought to a position about 54° off from the 
c-axis in the b c plane. This shows that still principal 
z-axis is parallel to the c.-axis. 

According to Cliaudhuri who observed the phase transition 

in these system^^”^^ from susceptibility measurements, the 

site symmetry of the divalent cation changes from trigonal 

(above the transition point) to tetragonal (below the transi- 

( 12 ) 

tion point) and the mechanism of the transition' ^ is 
associated to the rotation or rearrangement of the perchlorate 
tetrahedra. But, from the Mdssbauer studies on Fe(C10^)2,6H20, 




Fig6*7Th« EPR spectra .of in N* iC\0j,)2’ 6 H^Q at 109 K • 
(a) Jor Hll£,(b)^ H dt 54^’ from c-axis in be plane 
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( 5 ) 

Reiff et suggest that^at this transitioiiia trigonally 

elongated octahedron changes into a trigonally compressed 
octahedron, the three fold axis reranining same and the 
mechanism of transition being related to disorder of the 
t etrahedra, 

0\ir observations in PePH and OoPH support the predictions 
made by Ghaudhuri as far as the change in symmetry is 
concerned* However, exact determination of the symmetry 
seems difficult due to line broadening and pseud oh exagonal 
structure of the crystals* Purther our observations in UiPH 
support the view of Reiff et al. for the symmetry changes. 
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